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Abstract. East Asian dust storms impact the health and livelihoods of millions but the atmospheric processes
responsible are far from fully understood because suitable observations are lacking. Here we analyse dust source
activation (DSA) frequency data for East Asia (80–130° E, 27–52° N, January 2016 through December 2023,
Chen et al., 2025, https://doi.org/10.1088/1748-9326/addee6) to understand atmospheric controls on dust activa-
tion. We show that East Asia’s two primary dust source regions (Chen et al., 2025) display distinct diurnal and
seasonal variations in DSA frequency. A southern region, sandwiched between the Mongolian Plateau and the
Tibetan Plateau, chiefly consisting of the Taklimakan Desert and the Alashan Plateau, is active year-round, with
40 %–60 % of events predominantly occurring during late morning (09:00–12:00 local solar time, LST) under
clear-sky conditions. We show that breakdown of the Low-level Jet (LLJ) is a major control on dust activation
across this region (not only the Taklimakan Desert), driven by morning heating of the land surface, deepening the
convective boundary layer and momentum transfer to the land surface. Here, convective activities also contribute
to cloud-associated dust source activations during summer afternoon (i.e., haboobs). A northern region, centred
on the Mongolian Plateau-Gobi Desert is dust-active from morning to afternoon (08:00–19:00 LST), primarily
under cloudy conditions, driven by the passage of low-pressure systems. A third (less active) dust source region,
the Tibetan Plateau, is typically active during winter afternoons presumably in response to strong mountain-
valley winds. Meso- and local-scale winds are more extensive drivers of dust activation across East Asia than
previously documented, adding uncertainty to model predictions of future dust emissions in East Asia under a
warming climate.

1 Introduction

Mineral dust is a crucial component of the Earth system, in-
fluencing climate directly through its interactions with radi-
ation budgets and cloud physics in the atmosphere (Kohfeld
and Harrison, 2001), and indirectly through its impact on bio-
geochemical cycles, for example, by fertilizing terrestrial and
marine ecosystems (Jickells et al., 2005; Swap et al., 1992).
Estimates of the global atmospheric dust load from satellite
measurements and atmospheric circulation models reveal a
band of high Aerosol Optical Depth (AOD) and Aerosol In-

dex (AI) (Ginoux et al., 2004; Prospero et al., 2002; Her-
man et al., 1997), extending from North Africa across the
Arabian Peninsula and Central Asia, deep into East Asia.
The overall correspondence between this atmospheric dust
belt and the deserts and drylands of the northern hemisphere
(Fig. 1a) gives an indication of the origin of the mineral
dust load circulating in Earth’s atmosphere. However, space-
borne and ground-based observation of low temporal and
spatial resolution (e.g., MODIS satellite data and meteoro-
logical stations) conflate dust emissions with dust transport
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in the atmosphere and are therefore ill-suited to accurately
identifying dust sources and quantifying their activation fre-
quencies, limiting our understanding of the meteorological
forcing mechanisms that drive dust emissions over local/re-
gional scales. High frequency repeat observations from geo-
stationary satellites can be used to overcome these limita-
tions. Schepanski et al. (2009) used Meteosat Second Gener-
ation (MSG) Spinning Enhanced Visible and Infrared Imager
(SEVIRI) data to pinpoint dust emissions in North Africa at
three-hourly resolution, revealing the importance of several
different atmospheric processes driving dust emissions. Sub-
sequent studies have applied the same method to investigate
dust emissions and their meteorological forcing functions on
the Arabian Peninsula (Hennen et al., 2019) and across the
Horn of Africa (Kunkelova et al., 2024; also see this study
for a composite of African and Westernmost Asia datasets).

East Asia is estimated to contribute approximately 20 % of
the global annual atmospheric dust load (Kok et al., 2021).
In a recent contribution, we presented a detailed analysis of
dust source activation frequency (DSAF) for East Asia using
infrared data with a repeat time of 10 min from the geosta-
tionary Himawari-8/9 satellites (Chen et al., 2025). In that
contribution we focused on latitudinal and seasonal patterns
in our data and studied land-surface controls on DSAF. Here,
we focus on the timing of dust mobilization, which we quan-
tify at hourly resolution, and compare dust activation events
to meteorological data sets to evaluate the underlying atmo-
spheric mechanistic controls.

2 Meteorological Processes of Dust Source
Activation in East Asia

Dust source activation is triggered by wind speeds that ex-
ceed the local threshold velocity for deflation with many dif-
ferent meteorological processes capable of acting as the un-
derlying driving mechanism (Marticorena and Bergametti,
1995). In this section, we briefly review the mechanisms
commonly invoked to explain dust mobilization in East Asia:
turbulent mixing and increased wind speed driven by the
passage of Mongolian extratropical cyclones, the nocturnal
Low-level Jet (LLJ), deep convection, and mountain-valley
winds.

2.1 Synoptic-scale Wind Systems

Numerous studies based on data from meteorological sta-
tions, satellite products and dust models have identified Mon-
golian cyclones and their associated cold fronts as the pri-
mary drivers of springtime dust storms in East Asia, partic-
ularly in the Gobi Desert (Qian et al., 2002; Sun and Zhao,
2008; Li et al., 2022; Zhao et al., 2006; Takemi and Seino,
2005; Fig. 1b). During spring, the temperature contrast be-
tween the high-latitudes (e.g., Siberia) and mid-latitudes of
East Asia intensifies baroclinicity, fosters atmospheric insta-
bility and favours cyclogenesis (Zhang et al., 2012). Cyclo-

genesis is also favoured on the leeward side (i.e., lee gen-
esis) of the mountains on the Mongolian Plateau (e.g., the
Altai and the Khangai Mountains, Fig. 1b). Intense tempera-
ture gradients across passing cold fronts, strong vertical wind
shear, and cold, dense air pushing under a warmer air mass to
the south combine to drive dust emission (Roe, 2009; Takemi
and Seino, 2005).

Cyclones and their associated cold fronts are also sug-
gested to influence dust activation in the Taklimakan Desert
(Saeedi and Khoshakhlagh, 2018; Mu et al., 2023; Fig. 1b)
but here, topographic steering of synoptic air flows is sug-
gested to spawn dust-triggering mesoscale winds (Aoki et
al., 2005). Topographic steering results from the mountain
ranges that semi-enclose the desert on its northern, western,
and southern flanks (the Tianshan, Karakoram and Kunlun
Mountain ranges respectively) but not its eastern flank which
lies open to the wide Tarim Basin through a narrow gateway
(Fig. 1b). This topographic configuration triggers mesoscale
cold wind events in three distinct wind directions that lead
to dust emissions: easterly, northerly, and westerly (Aoki et
al., 2005).

Two types of synoptic-scale low-pressure system are sug-
gested to trigger dust events over the northern Tibetan
Plateau (Feng et al., 2023): (i) those that develop in the north-
eastern region of the plateau lead to south-easterly winds that
sweep across the northeast Tibetan Plateau and (ii) those that
develop over the western plateau drive south-westerly winds
along the Qaidam Basin (Fig. 1b).

2.2 The Low-level Jet

The LLJ is characterized by a narrow layer of strong winds,
with a core typically located 300–600 m above ground and
a wind speed minimum 1–2 km above (Rife et al., 2010).
The LLJ exhibits a distinct diurnal cycle, forming in the
early evening and weakening after sunrise, with maximum
wind speed around midnight to early morning. The diurnal
variability of the LLJ is driven by the differential heating
and cooling around mountain barriers, together with the de-
coupling/recoupling of winds from surface friction (Kraus
et al., 1985). After sunrise, turbulent mixing transfers the
jet’s momentum downward, strengthening surface winds and
triggering dust emission and uplift (Schepanski et al., 2009;
Heinold et al., 2013).

Recent studies using satellite data (Ge et al., 2016), model
simulations (Han et al., 2022) and field observations (Su
et al., 2024) suggest that the nocturnal LLJ contributes to
dust emissions under clear-sky conditions in the Taklimakan
Desert. In the Tarim Basin, cooling of the desert surface at
night leads to the formation of a stable boundary layer (in-
version) and development of the LLJ. When the inversion
breaks up after sunrise in response to rapid heating of the
desert surface, strong surface gusts and dust emissions are
triggered. Yet there is no general agreement on the seasonal-
ity and relative contributions of LLJ-induced dust emissions
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Figure 1. (a) Global map showing the Northern Hemisphere “dust-production belt”, derived from NASA’s Blue Marble dataset (Stöckli et
al., 2005). The study region in East Asia (80–130° E and 27–52° N) is highlighted with a red box. (b) Topographical features of East Asia,
showing mountain ranges (Mts.) with black lines and deserts in brown. Key geographical regions including the Mongolian Plateau (MP),
the Alashan Plateau (ALS), and the Tibetan Plateau (TP) are labelled in white. Base map from Google Satellite (© Google). (c) Dust source
activation frequency (DSAF) map for East Asia (Chen et al., 2025). Key dust producing regions include the Mongolian Plateau (MP), the
Taklimakan Desert (TK), the Alashan Plateau (ALS), the Northeast Plain (NP) and the Tibetan Plateau (TP). Basemap from NASA Blue
Marble.

compared to cyclone-induced dust emissions. One study sug-
gests that the LLJ is most important during the warm season
when synoptic activities are less prevalent (Ge et al., 2016).
However, cold front intrusions during cold season have also
been suggested to favour nocturnal LLJ-formation and dust
emissions in the Taklimakan Desert (Mu et al., 2023). LLJ-
induced dust emissions are not widely reported outside the
Taklimakan Desert, but some studies suggest that mid-level
southeastward descent of high-momentum air impinging on
the northern slope of the Tibetan Plateau (e.g., Qilian Moun-
tains, Fig. 1b) leads to the formation of low-level barrier jets
and associated dust storms (Chen et al., 2021).

2.3 Convective Activity

Dust activities associated with moist convection are well doc-
umented in the Sahara, North America, and the Middle East
(Schepanski et al., 2009; Heinold et al., 2013); such events
are commonly referred to as haboobs. Haboobs arise when

downdrafts and cold pools generated by moist convective
cells propagate as gust fronts, mobilising dust over exposed
surfaces. These dust fronts typically originate beneath or at
the leading edge of convective clouds and often exhibit arc-
shaped structures during propagation. In East Asia, particu-
larly over the Taklimakan Desert and the Alashan Plateau,
“black dust storms” are also reported during summer af-
ternoons (Gu et al., 2021). Both haboobs and black dust
storms share a common dynamical feature: dust mobilisa-
tion by convectively generated outflow boundaries or gust
fronts. Therefore, in this study we classify convectively gen-
erated black dust storms in East Asia as haboobs. In con-
trast, dust devils and dust haze are also reported in East Asia
(Han et al., 2016), generally associated with dry convection
and local turbulent mixing driven by surface heating during
the afternoon. However, such small-scale dust events are not
captured by Himawari-8/9 observations and are therefore ex-
cluded from our dataset.
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2.4 Mountain-Valley Winds

The high, snow-capped mountain ranges on the Tibetan
Plateau (Fig. 1b) with intervening open lake basins and wide
valleys, generate strong temperature differences and pres-
sure gradients, resulting in powerful afternoon winds blow-
ing from peaks to basins (Zhu et al., 2024). These mountain-
valley winds are particularly pronounced in winter due to
reduced cloud cover and extensive snow cover, leading to
strong daytime turbulence which can extend up to 3000 m
above ground (Zhou et al., 2023). Furthermore, the east-west
orientation of the mountain ranges on the Tibetan Plateau
(Fig. 1b) induce the westerly mountain-valley winds to align
with the planetary scale westerly jet (WJ) which tracks over
the Tibetan Plateau in boreal winter (Schär et al., 2009). The
resulting interaction between upper and lower troposphere
circulation is suggested to strengthen the local westerlies and
promote dust storm-triggering gusts and turbulence (Yao et
al., 2018).

3 Data and Methods

3.1 Himawari-8/9 Near-Time Images and Detection of
Dust Activation Events

We used the DSAF data set for East Asia of Chen et
al. (2025) and compared it to meteorological data sets to as-
sess atmospheric forcing mechanisms. The detailed method-
ology used to develop the DSAF data set, together with limi-
tations, are given in Chen et al. (2025). Briefly, over 420 000
RGB images from Himawari-8/9 with a temporal resolution
of 10 min and a spatial resolution of 2 km× 2 km in the in-
frared spectrum were analysed to quantify dust source activa-
tion events across East Asia (80–130° E, 27–52° N) between
January 2016 and December 2023. Dust plumes were iden-
tified by manual inspection of daily animations and traced
back in time to their source seamlessly across day bound-
aries. The high temporal resolution of dust source activa-
tion (DSA) data makes it possible to estimate the starting
time of emission for each dust event in hourly resolution
(Shimizu, 2020) and distinguish locally activated dust at the
site of interest from dust transported from other source re-
gions. We categorized observed DSA events as originating
under either clear-sky or cloud-associated conditions. Un-
der clear-sky conditions, the dust plume is distinct within
a grid cell (1°× 1°) whereas, under cloud-associated con-
ditions, the grid cell point of origin is at least partially ob-
scured by cloud cover. If the grid cell point of origin is en-
tirely obscured by cloud cover but the point of origin of a
developing dust plume is obvious from a consecutive se-
quence of satellite images, the dust plume is still recorded
as cloud-obscured (Fig. S1 in the Supplement) but excluded
from statistical analysis in this study. Under cyclonic condi-
tions, band-structures of clouds (e.g., cold fronts) may extend
beyond one grid cell. The associated wind fields can trig-

ger the formation of dust plumes in regions experiencing the
wind field but not covered by frontal clouds. Such cases are
still classified as cloud-associated conditions based on visual
assessment. Manual identification and calculations of DSAF
follow the method of Schepanski et al. (2007):

DSAF(%)= (Ns/ND)× 100

Ns = total number of days with at least one dust event in
1°× 1° grid cell within a given interval, ND= number of
days of available satellite observation within the same inter-
val.

Our identification step used the full-resolution Himawari-
8/9 data and our statistical summaries of them are reported
to a 1°× 1° gridded representation to reduce human bias in
spatial interpretation. Cross-comparison between our DSA
dataset and aerosol optical depth (AOD) observations from
the AErosol RObotic NETwork (AERONET) site at Dalan-
zadgad (43.58° N, 104.42° E) within the same grid demon-
strates that our method accurately reproduces the timing of
high-AOD events on diurnal timescales (Fig. S2), and our
method captures dust source activation and eliminates bias
by dust transport in the atmosphere. Note that AOD values
vary among different DSA events (Fig. S2), thereby demon-
strating that DSA indicates the timing and frequency but not
mass flux of dust emissions.

3.2 Uncertainty of DSA identification

To assess uncertainty in the timing and location of DSA iden-
tification, we conducted an inter-operator consistency test
using a subset (i.e., 4 months of data randomly distributed
throughout the study interval) of our dust RGB imagery data
set in which events were independently labelled by a second
operator (Fig. S3). Overall, the primary operator identified
354 clear-sky and 690 cloud-associated DSA events (1044
events in total), compared with 411 clear-sky and 656 cloud-
associated events (1067 events in total) identified by the sec-
ond operator. The resulting maps are virtually indistinguish-
able when compared to one another (Fig. S3). Unmatched
events mostly occur at the margins of dust-active regions,
and many mismatches arise from differences in event classi-
fication (clear-sky versus cloud-associated) rather than from
inconsistent event detection. Agreement between the two op-
erators was quantified using the Critical Success Index (CSI)
(Wilks, 2011), defined as

CSI=
I

C+K − I ′

where I denotes the number of matched events, and C and K

denote the total number of events identified independently by
each labeller. CSI ranges from 0 (no agreement) to 1 (perfect
agreement).

In core dust regions, where DSA occurs frequently, inter-
operator consistency is higher and diurnal patterns are more
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coherent than along the margins of dust active regions where
DSA occurs infrequently (Fig. S3). CSI is ∼ 0.3 under strict
matching criteria (0 h, 0°) and increases rapidly to 0.5–0.6
with minor relaxation of temporal and spatial tolerances at
±1 h and ±1° (Fig. S4). Together with cross-comparison
with our DSA dataset against independent AERONET ob-
servations, this analysis demonstrates that human subjectiv-
ity introduces no substantial bias into our DSA estimates.

3.3 ANOVA Analysis of Diurnal Variability in Dust
Source Activation

To test whether diurnal variability represents a leading com-
ponent of DSA temporal variability, we applied an analysis-
of-variance (ANOVA) framework, following the approach
used by Yu et al. (2021) to characterize diurnal variability
in dust optical depth. This framework enables a quantitative
comparison of variance contributions across seasonal and di-
urnal scales. The method is adapted here to accommodate the
binary (presence–absence) nature of DSA datasets. Observed
DSA events are coded as presence (1), whereas hours without
observed events are treated as absence (0). DSA probability
is then defined at each grid cell for each season and 3 h bin
as the fraction of DSA hours relative to the total number of
sampled hours. An ANOVA-based variance decomposition is
applied independently at each grid cell to quantify the rela-
tive contributions of seasonal variability, diurnal timing, and
their interaction to the total variance in dust-activation prob-
ability. The total sum of squares is defined as

SST=
∑
s,h

(
Ps,h−P

)2
where Ps,h denotes the probability in season s and hour bin h,
and P is the overall mean probability across all seasons and
hours. Seasonal, diurnal and interaction (residual) compo-
nents are computed as

SSseason =
∑

s

(
P s−P

)2
nh,SShour

=

∑
h

(
P h−P

)2
ns,SSint = SST−SSseason−SShour

where P s and P h are the seasonal and diurnal mean probabil-
ities, respectively, and nh and ns denote the number of hour
bins and seasons.

Finally, fractional contributions are defined as

fseason =
SSseason

SST
,

fhour =
SShour

SST
,

fint =
SSint

SST
This decomposition provides a spatially explicit diagnosis of
whether DSA variability is dominated by diurnal cycles, sea-
sonal cycles, or their interaction.

3.4 ERA5 Reanalysis and Diagnosis of Low-Level Jet
and Convection

Surface meteorological observations are sparse in western
China (Ge et al., 2016). To evaluate meteorological con-
ditions and atmospheric processes fostering dust emission,
we use the fifth generation European Centre for Medium-
Range Weather Forecasts (ECMWF) atmospheric reanaly-
sis (ERA5) data set (Hersbach et al., 2020). ERA5 provides
high-quality, global atmospheric data with hourly resolution
and spatial resolution of approximately 31 km and 137 pres-
sure levels vertically. We use ERA5 hourly averaged data to
analyze the wind speed (using the u component and v com-
ponent of wind in meters per second; m s−1) across different
pressure levels.

We identified the LLJ occurrence from low-level wind
speed maxima by examining vertical wind profiles follow-
ing Schepanski et al. (2009). The LLJ occurrence was de-
fined based on the difference between the maximum wind
speed within 3 km above ground level (a.g.l.) (the “jet-nose”
speed) and the minimum wind speed near the ground. Given
East Asia’s highly variable topography, the jet-nose height
was first determined as the altitude of maximum wind speed,
with the requirement that wind speed decreases both above
and below this level, and that it occurs within 3 km a.g.l.
The jet-nose height occurs at different pressure levels across
regions (Fig. S7, e.g., 875 hPa in the Taklimakan Desert,
900 hPa in the Northeast Plain, and 825 hPa on the Alashan
Plateau). A LLJ was diagnosed based on a wind speed differ-
ence (1v≥ 5 m s−1) between the 975 hPa level and the jet-
nose pressure at 06:00 LST. The LLJ frequency is defined as
the number of days with a diagnosed LLJ divided by the to-
tal number of observation days. LLJ-associated DSA events
were defined when DSA occurred during the late morning
(i.e., 09:00–12:00 LST) under clear-sky conditions and when
a LLJ was present at 06:00 LST on the same day.

Convective conditions were diagnosed using ERA5 con-
vective available potential energy (CAPE), a column-
integrated measure of atmospheric instability. As CAPE rep-
resents the capacity of the atmosphere to foster upward mo-
tion, CAPE is used as an indicator for potential deep moist
convection and hence cloud formation. As the precise sim-
ulation of deep moist convection in ERA5 is challenging,
we use CAPE to link cloud-associated DSA with convection.
To account for the likelihood of spatial mismatches between
dust fronts and convective cloud cores, CAPE was spatially
averaged over a 3°× 3° grid window (i.e. the target grid cell
and its eight surrounding neighbours) centred on each dust
source activation location. CAPE was evaluated at 12:00 LST
for each dust source grid cell to capture the typical diur-
nal maximum of convective activity over inland East Asia
(see Sect. 4.5.1). Convective-associated DSA events were
defined when DSA occurred during the summer afternoon
(i.e., 12:00–18:00 LST) and when the 3°× 3° grid-averaged
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CAPE exceeded 50 J kg−1 at 12:00 LST on the same day (see
Sect. 4.5.1).

4 Results and Discussions

4.1 Clear-sky and Cloud-associated Dust Source
Activation

Dust source activation is widely reported with the passage of
cloud-associated East Asian cyclones and cold fronts (Liu
et al., 2003; Qian et al., 2002; Takemi and Seino, 2005;
Zhao and Zhao, 2006), but much less extensively studied
under clear-sky conditions (Song et al., 2024). Our data
shows that DSA events occur frequently under both cloud-
associated (∼ 60 % of total events) and clear-sky (∼ 40 % of
total events) conditions (Fig. 2). Under cloud-associated con-
ditions (Fig. 2a and c), DSA events predominantly originate
over the Mongolian Plateau, the margins of the Taklimakan
Desert, the northern Tibetan Plateau, the Qaidam Basin, the
Alashan Plateau and the Northeast Plain. Under clear-sky
conditions (Fig. 2b–c), the primary locations of DSA events
are the Taklimakan Desert, especially at its eastern end, the
Alashan Plateau, the Northeast Plain and the Ordos Plateau
(Fig. 2b–c).

4.2 Diurnal Variability of Dust Source Activation in East
Asia

Previous work on dust emissions in East Asia has focused
on decadal, seasonal, monthly and daily timescales (Sun
et al., 2001; Han et al., 2008; Ding et al., 2005; Chen
et al., 2023). However, many meteorological processes im-
portant to dust source activation operate on much shorter
timescales and these have received little attention (Song et
al., 2024). Our data show that peak hours for DSA across
most of East Asia are between 09:00 and 12:00 LST but
slightly later in the day on the southern and eastern Tibetan
Plateau (between 12:00 and 15:00 LST, Fig. 3a).

There is pronounced spatial variability in the diurnal vari-
ance of DSA timing (Fig. 3b). Diurnal variance is in high
proportion of total variance (typically > 0.8) across the Tak-
limakan Desert, the Northeast Plateau, and the southern Ti-
betan Plateau, indicating that DSA variability is dominated
by the diurnal cycle, with DSA occurring at a relatively con-
sistent time of day across different seasons and years. In con-
trast, diurnal variance makes up a lower proportion of to-
tal variance (typically < 0.4) over the Mongolian Plateau,
the northern Tibetan Plateau and Qaidam Basin indicating a
broader spread in the timing of peak DSA, reflecting a strong
influence of synoptic forcing.

4.3 Wind Gustiness as a Control on Dust Source
Activation

To understand the underlying meteorological forcing on di-
urnal timing and variability of dust activations, we stud-
ied five areas of high DSAF (one taken from all of the
main dust-active regions, i.e., MP, NP, ALS, TK, TP, see
Figs. 1b and 4) and we calculated hourly DSA counts within
these areas under both clear-sky and cloud-associated condi-
tions and parsed their aggregated DSA counts into quarterly
segments (Fig. 4). This distinction between clear-sky and
cloud-associated DSA provides a first-order indication of the
likely meteorological forcing. Cloud-associated activations
are more likely linked to synoptic systems, cold fronts, and
convective storms, whereas clear-sky activations are more
likely associated with boundary-layer processes such as the
LLJ breakdown. However, these categories should not be
interpreted as one-to-one physical classifications and more
detailed event-based comparisons are therefore required to
evaluate the associated meteorological forcing mechanisms
(see Sect. 4.4 and 4.5).

Within each segment, we computed the mean 10 m wind
gusts in hourly resolutions for days under clear-sky and
cloud-associated DSA conditions respectively. We focus on
representative grid cells to isolate core dust activation regions
which exhibit the clearest and most persistent diurnal signals,
thereby enabling a robust comparison with wind patterns in
topographically complex East Asia.

The Mongolian Plateau (103–105° E, 43–45° N) is most
dust active under cloud-associated conditions in spring be-
tween 09:00 and 12:00 LST (Fig. 4a). The Northeast Plain
(121–123° E, 43–45° N) is also most dust active in spring
but events are split near-equally between those occurring
under clear-sky conditions between 09:00 and 12:00 LST,
and cloud-associated conditions between 09:00 and 15:00
LST (Fig. 4b). We attribute the strong springtime signal
in cloud-associated events in these two regions (Fig. 4a–
b) to the well-documented seasonal peak in cyclone activi-
ties (Mu and Fiedler, 2025). A secondary peak in clear-sky
and cloud-associated activations in the Mongolian Plateau
(103–105° E, 43–45° N) occurs during winter between 12:00
and 18:00 LST (Fig. 4a). We attribute this result to solar
radiation-induced heating of the land surface and resulting
atmospheric convection as reported from the field studies
of Liu et al. (2003). This interpretation is consistent with
those based on sparse meteorological station data (Natsag-
dorj et al., 2003), indirect measurements of dust optical
depth (DOD) (Tindan et al., 2023) and dust models (Liu et
al., 2003).

Both the Alashan Plateau (100–102° E, 41–43° N) and
the Taklimakan Desert (89–91° E, 39–41° N) are dust-active
year-round (Fig. 4c–d). Both clear-sky and cloud-associated
DSA events occur in all seasons but cloud-associated acti-
vations peak in spring. The clear-sky activations occur in
a narrower daily interval 06:00–12:00 LST than the cloud-
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Figure 2. Average annual dust source activation (DSA) frequency map for East Asia from 2016 to 2023 under (a) cloud-associated and
(b) clear-sky conditions. (c) The percentage of clear-sky DSA (clear-sky DSA frequency divided by the total DSA frequency under both
conditions). Dust source regions include the Mongolian Plateau (MP), the Alashan Plateau (ALS), the Northeast Plain (NP), the Taklimakan
Desert (TK), the Qaidam Basin (Qd B), the Tibetan Plateau (TP) and the Ordos Plateau (Od). Basemap from NASA Blue Marble.

Figure 3. Peak hours of dust source activation and diurnal variance dominance across East Asia (80–130° E, 27–52° N). (a) Peak hour of
dust occurrence expressed in local solar time (LST) using 3 h bins, derived from the timing distribution of dust activation at each grid cell.
(b) The proportion of diurnal-to-total variance was defined as the fraction of total temporal variance explained by the hour-of-day term in
a two-factor ANOVA decomposition, where the diurnal variance is given by the hour-of-day sum of squares and the total variance by the
total temporal sum of squares. Higher values indicate stronger control of dust activation timing by the diurnal cycle relative to seasonal and
interaction components. Basemap imagery from NASA Blue Marble.

associated activations (06:00–18:00 LST) and these distinct
diurnal patterns are consistent throughout the year (Fig. 4c–
d). For the (eastern) Taklimakan Desert, the fraction of clear-
sky DSA is larger than the fraction of cloud-associated DSA
(Fig. 4d). The broader spread in the timing of peak DSA,
together with the spring peak of cloud-associated dust ac-
tivations, suggest that, as is the case further north, dust
source activation in the Taklimakan Desert and the Alashan

Plateau during spring is influenced by synoptic wind sys-
tems associated with the passage of cyclones and cold fronts,
weather systems well documented in spring in these re-
gions (Li et al., 2022). A different meteorological forcing
mechanism is required to explain the clear-sky dust activa-
tion events that dominate spring and the rest of the year in
the Taklimakan Desert and the Alashan Plateau and cloud-
associated dust activations that dominate the rest of the year.

https://doi.org/10.5194/acp-26-7523-2026 Atmos. Chem. Phys., 26, 7523–7538, 2026



7530 L. Chen et al.: Atmospheric forcing of DSA across East Asia

Figure 4. Diurnal distributions of dust source activation (DSA) counts for sample localities from the main dust-active regions in East Asia
under clear-sky and cloud-associated conditions across the four seasons: spring (March, April, May; MAM), summer (June, July, August;
JJA), autumn (September, October, November; SON), and winter (December, January, February; DJF). The main dust-active regions are:
(a) the Mongolian Plateau (MP; 103–105° E, 43–45° N), (b) the Northeast Plain (NP; 121–123° E, 43–45° N), (c) the Alashan Plateau (ALS;
100–102° E, 41–43° N), (d) the Taklimakan Desert (TK; 89–91° E, 39–41° N), and (e) the Tibetan Plateau (TP; 91–93° E, 34–36° N). For
each region, the grids with the highest dust source activation frequency (see maps on the left) are used for the analysis. Bar plots represent
the hourly counts of DSA events for each season, while the overlaid curves show the corresponding mean diurnal cycle of 10 m wind gust
speed on DSA days under clear-sky (yellow) and cloud-associated (grey) conditions. Basemap from NASA Blue Marble.

On sunny days with weak winds, solar radiation enhances the
ground sensible heat flux, lowers the air density and triggers
dry convective activities, lifting dust devils or dusty plumes
into the atmosphere predominantly in the afternoon (around
14:00 LST) as illustrated in the daily TOMS-AI data of Han
et al. (2016), suggesting the important role of convection in
this region. However, our data also show that clear-sky dust
activation in the Taklimakan and the Alashan Plateau peak
in the morning (06:00–12:00 LST; Fig. 4b–c), implying that
other meteorological forcing mechanisms are responsible for
clear-sky dust activations (see Sect. 4.4).

The Tibetan Plateau (91–93° E, 34–36° N) is most dust-
active in winter and both clear-sky (∼ 40 % of total events)
and cloud-associated activations (∼ 60 %) peak between
12:00 and 15:00 LST (Fig. 4e). This prominent diurnal peak
in dust source activations corresponds closely with the timing
of peak wind gust speeds (Fig. 4e). It is challenging to iden-

tify the drivers of local dust emissions on the Tibetan Plateau
using field data because meteorological stations in this re-
gion are sparse and it is difficult to distinguish locally gener-
ated dust from remotely transported dust. To our knowledge,
our study pioneers this effort and establishes this linkage for
the first time. Owing to the high elevation and complex to-
pography of the Tibetan Plateau, we do not attempt to diag-
nose the detailed physical mechanisms underlying these dust
events using ERA5 data in this study. Instead, informed by
meteorological station observations of afternoon mountain–
valley channelled winds in Zhu et al. (2024), we infer that
DSA events over the Tibetan Plateau may well be controlled
by strong coupling between the atmospheric boundary layer
and extreme topography, and are plausibly triggered by ther-
mally driven upslope and valley wind circulations that inten-
sify during the afternoon.
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Across all five regions, peak DSA counts typically occur
in the late morning, preceding the daily maximum in 10 m
wind gusts during the mid-afternoon (Fig. 4), indicating that
dust activation is governed by the exceedance of a critical
wind-gust threshold rather than by the absolute daily maxi-
mum wind speed. The pronounced diurnal peak of wind gusts
in these regions reflects the combined influence of meteo-
rological processes driving DSA events, including the LLJ,
convective storms, and mountain–valley circulations, all of
which share distinct diurnal patterns and will be discussed
in the following Sect. 4.4 and 4.5. There is no clear differ-
ence in the mean diurnal cycles of gusts under clear-sky and
cloud-associated DSA conditions, likely because the daytime
boundary-layer turbulence generates gusts under both condi-
tions when averaged across all DSA days. However, gusts
under cloud-associated DSA conditions tend to peak slightly
later in the day than those under clear-sky conditions, par-
ticularly over the Mongolian Plateau and the Northeast Plain
(Fig. 4a–c). In these regions, the passage of Mongolian cy-
clones generates gusts and DSA events during the afternoon,
which are superimposed on the clear-sky gusts and DSA that
typically occurs in the morning.

4.4 Role of the Low-level Jet in Dust Source Activation
Across East Asia

The importance of the LLJ in driving dust activity has been
documented in satellite and/or meteorological station data
sets of high temporal resolution in the Sahara (Schepanski
et al., 2007; Schepanski et al., 2014), the Middle East (Hen-
nen et al., 2019), the Horn of Africa (Kunkelova et al., 2024)
and Southern Africa (Clements and Washington, 2021). In
extreme cases, the downward mixing of LLJ momentum to
the surface is suggested to contribute up to 60 % of the total
dust emissions in the Bodélé Depression (Fiedler et al., 2013;
Schepanski et al., 2009). Recent studies using ERA-Interim
data (Ge et al., 2016), WRF-Chem models (Han et al., 2022),
and coherent Doppler wind lidar (Su et al., 2024) have ex-
plored the role of the LLJ in the Taklimakan Desert but LLJ-
driven dust emissions have received little attention elsewhere
in East Asia.

4.4.1 Low-Level Jet-Driven Mechanisms of Dust Source
Activation in East Asia

To analyse the processes by which the LLJ drives clear-sky
DSA events, we analysed three key regions where LLJ ac-
tivity has been reported in other published data sets (Yan et
al., 2021; Ge et al., 2016; Shu et al., 2024): the Taklimakan
Desert, the Alashan Plateau and the Northeast Plain (Fig. 1c).
We calculated hourly mean vertical profiles of wind speed for
both dusty and non-dusty days under clear-sky conditions
(Fig. 5). We make three basic observations. First, the pro-
files of mean vertical windspeed show well-developed nose-
shaped maxima at depth, indicating the prevalence of LLJ

occurrence in the Taklimakan Desert, the Alashan Plateau
and the Northeast Plain. Second, because of the differences
in altitude of the land surface between study regions, these
jet-nose wind speed maxima occur at different pressure lev-
els (e.g., ∼ 900 hPa in the Northeast Plain, ∼ 825 hPa in the
Alashan Plateau and ∼ 875 hPa in the Taklimakan Desert,
Fig. S7). Third, in all three regions, there is a marked dif-
ference in windspeed vertical profiles between dusty and
non-dusty days with jet-nose wind speeds higher on dusty
days than non-dusty days (Fig. 5). We note that jet-nose
wind speeds on the Northeast Plain, the Alashan Plateau
and the Taklimakan Desert reach their maxima at ca. 03:00–
06:00 LST and minima at ca. 12:00–18:00 LST during both
clear-sky non-dusty days and clear-sky dusty days. Under
clear-sky conditions, ground-level wind speeds are higher
(by ∼ 2.5 m s−1) on dusty days than non-dusty days in all
three study regions and wind speed differences between the
jet-nose level and ground level at 06:00 LST (i.e., the hour
of peak jet-nose wind speed) are higher on dusty days (me-
dian value > 5 m s−1) than non-dusty days (median value by
∼ 2.5 m s−1). We examine the LLJ at 06:00 LST, when it
reaches its maximum intensity and provides the strongest
vertical shear that preconditions the boundary layer for the
dust uplift observed around 09:00 LST.

Our direct cross-comparison of dusty with non-dusty
events, combined with ERA5 reanalysis data, provides mech-
anistic insight into the vertical structure and diurnal evolution
of the atmospheric processes underlying DSAs under clear-
sky conditions (Fig. 5). Overnight, radiative cooling stabi-
lizes the boundary layer, allowing wind speeds aloft to accel-
erate (by ∼ 5 m s−1) and form a nocturnal LLJ that is decou-
pled from surface friction. After sunrise, solar heating desta-
bilizes the lower atmosphere, enhancing turbulent kinetic en-
ergy and facilitating downward momentum transfer from the
jet core to the surface. This rapid turbulent mixing produces
a short-lived but intense increase of near-surface wind speed
(by∼ 2.5 m s−1) that can exceed the threshold friction veloc-
ity required for dust entrainment and favour a morning pulse
of dust activation.

4.4.2 Low-level Jet-Associated Dust Source Activation
Frequency in East Asia

To assess the spatiotemporal control of the LLJ on dust ac-
tivation in our data, we firstly compute the LLJ occurrence
by examining vertical wind profiles at 06:00 LST across
East Asia between 2016 and 2023 and evaluating them for
low-level wind speed maxima characteristic of the LLJ (see
Sect. 3.4 for more details). We select 06:00 LST because
the LLJ is typically strongest in the early morning, with its
breakdown after sunrise enhancing downward momentum
transfer and favouring peak dust activations between 09:00
and 12:00 LST (Figs. 3 and 4). This sequence of events has
also been observed in WRF-Chem simulations of the Tarim
Basin (Han et al., 2022).
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Figure 5. Wind speed structure at different pressure levels and times of day for clear-sky dusty conditions and non-dusty days at different
hours for three of the subregions analysed in Fig. 4: (a–b) NP (the Northeast Plain, 121–123° E, 43–45° N), (d–e) ALS (the Alashan Plateau,
100–102° E, 41–43° N), and (g–h) TK (the Taklimakan Desert, 89–91° E, 39–41° N). The rightmost column shows the wind speed difference
between 975 hPa and the jet-nose pressure level at 06:00 LST (i.e., the time when the LLJ typically reaches its maximum intensity and
preconditions the atmosphere for dust emission later in the morning) for dusty (yellow) and non-dusty (grey) days in: (c) NP, (f) ALS and
(i) TK.

Our reconstructions reveal a main LLJ belt (frequencies up
to 50 %) in the low-lying regions that extend from the Tak-
limakan Desert eastward to the Northeast Plain sandwiched
between the Tibetan Plateau to the south and the Mongolian
Plateau to the north (Fig. 6a). Other LLJ hot spots exist in the
low-lying basins that are surrounded by the Altai, Khanghai
and Khentii mountains on the Mongolian Plateau (frequen-
cies up to 50 %) as well as in the Junggar Basin (frequen-
cies up to 25 %, Fig. 6a). LLJ events occur year-round in
these regions with modest seasonal variability in frequency
(Fig. S8). For example, a LLJ on the Northeast Plain is more
frequent during cold seasons under stronger (northwesterly)
winds than during warm seasons (Shu et al., 2024) while, in
the Taklimakan Desert, a LLJ occurs more frequently during
warm seasons when the Tarim Basin serves as a heat source
(Song et al., 2024).

We identify the Taklimakan Desert as a hotspot for LLJ
activity (Fig. 6a). This result is in keeping with previous sug-
gestions based on six-hourly ERA-Interim reanalysis (Ge et
al., 2016), the Weather Research and Forecasting Coupled
Chemistry (WRF-Chem) model (Han et al., 2022), and co-
herent Doppler wind lidar analysis (Su et al., 2024). Our

reconstruction shows that the southeastern part of the basin
is most susceptible to LLJ activity (25 %–50 %). LLJ events
(10 %–25 %) also occur on the Northeast Plain at the eastern
edge of the Da Hinggan Ling Mountains (Fig. 6a). This result
is consistent with interpretations of twice-daily radiosonde
observations (Yan et al., 2021) and hourly ERA5 reanalysis
data (Shu et al., 2024) (Fig. 6a). However, our analysis is the
first to capture the wind speed difference between 975 hPa
and the jet-nose height.

High LLJ frequencies (25 %–50 %) are observed on the
Alashan Plateau, the Junggar Basin, the Ordos Plateau and
China’s east coast (Fig. 6a). These findings are consistent
with the interpretations of Yan et al. (2021) based on their
twice-daily radiosonde observations. However, our data, with
its hourly resolution and broader spatial coverage, enables
the reconstruction of the LLJ across the Mongolian Plateau
and identifies dust LLJ hotspots including the northern side
of the Altai Mountains and the northwest Mongolian Plateau
(Fig. 6a).

To evaluate the LLJ contribution to dust activity, we calcu-
late for each grid cell the frequency of DSA events that oc-
cur between 09:00 and 12:00 LST under clear-sky conditions
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Figure 6. (a) Frequency (%) of the Low-level Jet (LLJ, 1v≥ 5 m s−1 between levels at 975 hPa and the jet-nose pressure) occurrence at
06:00 local solar time (LST), average from 2016 to 2023. The LLJ frequency is defined as the number of days with a diagnosed low-level
jet divided by the total number of days over the 8-year study period. (b) LLJ-associated dust source activation frequency (DSAF) from 2016
to 2023, quantified as the percentage of clear-sky dust events between 09:00 and 12:00 LST that coincide with a low-level jet at 06:00 LST
within the same date, normalised by the total number of observation days. High LLJ occurrence and LLJ-associated dust source activations
regions labelled in black include Junggar Basin (Jg B), the Mongolian Plateau (MP), the Alashan Plateau (ALS), the Northeast Plain (NP),
the Taklimakan Desert (TK), and the Ordos Plateau (Od). Main mountains (Mts.) are labelled in white. Basemap from NASA Blue Marble.

and when an LLJ is present at 06:00 LST on the same day.
These DSA events are referred to as LLJ-associated DSA
events. The spatial correspondence between LLJ-associated
DSA events and LLJ occurrence is striking (Fig. 6). The
distribution of LLJ-associated DSA events (Fig. 6b) reveals
hotspots in the Taklimakan Desert, the Alashan Plateau, the
Ordos Plateau, the eastern Mongolian Plateau, the Northeast
Plain, the Junggar Basin and the mountainous regions along
the Mongolia and Kazakhstan border (Zhang et al., 2018;
Fig. 6). LLJ-associated DSA exhibits differences between
warm and cold seasons across East Asia (Fig. S9): during the
cold season (spring and winter), LLJ-associated DSA events
are more widespread at hotspots over the Taklimakan Desert,
the Alashan Plateau, the Mongolian Plateau, the Northeast
Plain, and the Junggar Basin. During the warm season (sum-
mer and autumn), LLJ-associated DSA is more spatially con-
fined to the Taklimakan Desert and parts of the Alashan
and Mongolian Plateau. We note that a LLJ may also de-
velop in larger-scale synoptic systems such as cyclones and
cold fronts (Mu et al., 2023). For example, the spring peak
in LLJ-associated DSA frequency over the eastern Mongo-
lian Plateau may reflect the influence of larger-scale synoptic
controls operating together with LLJ activity (Fig. S9).

4.5 Role of Convection in Dust Source Activation across
East Asia

Haboobs are well documented in the Sahara Desert and Mid-
dle East (Schepanski et al., 2009; Fiedler et al., 2013) but
they have been only sporadically reported in the Taklimakan
Desert and the Alashan Plateau and have not yet been sys-
tematically studied at the continental scale in East Asia (Gu
et al., 2021). The somewhat short-lived nature of haboobs
makes high-temporal-resolution datasets particularly essen-
tial for detecting and analysing these events.

4.5.1 Convection–Driven Mechanisms of Dust Source
Activation in East Asia

To examine how convective activities modulate cloud-
associated DSA across East Asia during summer afternoons,
we focus on two regions where haboobs have been docu-
mented (Gu et al., 2021): the Taklimakan Desert and the
Alashan Plateau (Fig. 1c). We focus on dusty days un-
der cloud-associated conditions during summer afternoons
(12:00–18:00 LST) and all non-dusty days during summer to
compare their hourly CAPE (Fig. 7). We use CAPE as a diag-
nostic of convective conditions because it reflects the atmo-
spheric potential for the buoyancy-driven updrafts that gener-
ate strong surface downdrafts. Because convective clouds are
often displaced relative to the dust front, we compute CAPE
as a spatial average over each target grid cell and its eight sur-
rounding neighbours (a 3°× 3° window). Our results illus-
trate a pronounced diurnal evolution of CAPE under summer
cloud-associated conditions (Fig. 7). In both regions, CAPE
remains low during the night and early morning, reflecting
a relatively stable lower troposphere, but increases there-
after, peaking in mid-afternoon as surface heating intensifies
and convective instability develops. Cloud-associated DSAs
during summer afternoons (12:00–18:00 LST) are associated
with distinctly higher CAPE values than on non-dusty days
(Fig. 7a–b and d–e), indicating enhanced convective potential
and more favourable conditions for vigorous vertical mixing.
The probability distributions of CAPE at 12:00 LST (Fig. 7c
and f) further show that, in both regions, dusty days exhibit
distributions shifted towards higher CAPE values relative to
non-dusty days, implying a greater likelihood of convectively
unstable conditions during dust events. This contrast sug-
gests that cloud-associated summer afternoon DSA events in
these two regions are preferentially associated with enhanced
convective instability and mixing, consistent with a close link
to convective activity.

https://doi.org/10.5194/acp-26-7523-2026 Atmos. Chem. Phys., 26, 7523–7538, 2026



7534 L. Chen et al.: Atmospheric forcing of DSA across East Asia

Figure 7. Mean diurnal evolution of convective available potential energy (CAPE) for dusty (under summer cloud-associated conditions
during 12:00–18:00 LST) and non-dusty days over two subregions: (a–b) ALS (the Alashan Plateau, 100–102° E, 41–43° N) and (d–e) TK
(the Taklimakan Desert, 83–85° E, 40–42° N). Shading indicates the 10th–90th percentile range. The dashed horizontal line marks the CAPE
threshold of 50 J kg−1. Panels (c) and (f) present the probability distributions of CAPE at 12:00 LST for dusty (orange) and non-dusty (grey)
days over ALS and TK, respectively. All CAPE values are spatially averaged over a 3°× 3° grid (nine grid cells, ±1° grid) centred on each
subregion to account for the spatial offsets that commonly occur between haboob events and associated convective clouds.

4.5.2 Convective–Associated Dust Source Activation
Frequency across East Asia

To evaluate the contribution of haboob-like convection to
dust activity in East Asia more generally, we examine the
spatial distribution of CAPE at 12:00 LST during summer
(June–August) for all cloud-associated DSA events occur-
ring in the afternoon (15:00–18:00 LST). CAPE is shown as
a 3°× 3° spatial mean centred on each 1° grid cell and av-
eraged over days with cloud-associated summer afternoon
DSA. We select 12:00 LST because this time corresponds
to the period when convective boundary-layer mixing is
strongest (Fig. 7), favouring efficient downward momentum
transfer and subsequent dust activation later in the day (e.g.
between 15:00 and 18:00 LST). Convective conditions are
diagnosed when CAPE exceeds the threshold of 50 J kg−1

which is empirically derived from the observed CAPE dis-
tributions during summer afternoon cloud-associated DSA
events in the Taklimakan Desert (Fig. 7c) and the Alashan
Plateau (Fig. 7f). We further calculate, for each grid cell,
the frequency of cloud-associated DSA events that occur be-
tween 15:00 and 18:00 LST under convective conditions. The
resulting distribution of convective-associated DSA events
(Fig. 8) reveals prominent hotspots in the Taklimakan Desert
and the Alashan Plateau, which coincide with areas previ-
ously identified as prone to convective dust activity in arid

and semi-arid environments (Gu et al., 2021). While previ-
ous studies have inferred the importance of convective ac-
tivities in East Asia from limited station observations (Gu et
al., 2021), our analysis based on hourly DSA dataset and a
diagnostic of convection provides the first assessment of the
connection between convective activities and summer after-
noon dust source activation events across East Asia at the
continental scale. Note that ERA5 does not resolve haboob
dynamics explicitly and that modest spatial mismatches may
exist between convective clouds and dust source activation
sites, and that the choice of CAPE threshold used (see Fig. 7)
is not unambiguous. Consequently, our analysis should be
considered only a first step towards a large-scale representa-
tion of convective influences on dust source activation in East
Asia.

5 Conclusions

We identify the key atmospheric mechanisms driving dust
generation across East Asia under both cloud-associated and
clear-sky conditions through analysis of high-resolution spa-
tial and temporal patterns of dust source activation and me-
teorological observations.

We report two primary dust source activation regions that
display distinct diurnal, seasonal, and annual variations in
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Figure 8. (a) Summer (June–August) convective available potential energy (CAPE) at 12:00 LST, shown as a 9-gridcell (3°× 3°) mean
centred on each 1° grid cell and averaged over days of cloud-associated summer afternoon (15:00–18:00 LST) dust source activa-
tions. (b) Convective-associated dust source activation frequency (DSAF), estimated as the percentage of summer days (June–August)
with dust source activation events observed between 15:00 and 18:00 LST under cloud-associated convective conditions (CAPE at
12:00 LST > 50 J kg−1) from 2016 to 2023, normalised by the total number of summer observation days. Regions with high convective-
associated DSA frequency are labelled in black, including the Alashan Plateau (ALS) and the Taklimakan Desert (TK). Basemap from
NASA Blue Marble.

activation frequency: a northern one and a southern one. In
the northern one, centred on the Gobi Desert, the majority
of DSA events occur during spring under cloud-associated
conditions (> 60 % of total events, Fig. 9). Here DSA is
principally induced by the passage of low-pressure systems
(e.g., Mongolian cyclones). In the southern source region,
both clear-sky (40 %–60 % of total events, Fig. 9) and cloud-
associated DSAs occur. While cyclones contribute to the
cloud-associated activation particularly during spring there,
we attribute the clear-sky late-morning DSA events primar-
ily to the breakdown of the nocturnal LLJ during morning
land-surface heating, whereas the summer afternoon cloud-
associated DSA events can be attributed to haboobs. We
also report a third, less active, dust source region on the Ti-
betan Plateau. In its northeastern part, most events are cloud-
associated activations (> 60 % of total events, Fig. 9) and
most likely driven by synoptic winds, whereas its south-
central part exhibits a mixture of cloud-associated and clear-
sky activations (> 60 % of total events, Fig. 9), with the clear-
sky activations likely driven by strong afternoon mountain-
valley winds. It should be emphasised that the percentage of
clear-sky DSA events relative to total events does not rep-
resent the true physical proportion of the underlying atmo-
spheric forcing mechanisms. The LLJ, synoptic winds, and
haboobs discussed here might overlap as interacting pro-
cesses that collectively favour dust source activation across
East Asia. Instead, Fig. 9 provides a diagnostic indication of
their relative importance.

Our methodology overcomes the longstanding issue of at-
mospheric transport bias in satellite data sets by precisely
identifying times and locations of dust activation events, en-
abling mechanistic assessments of atmospheric forcings on
dust source activations near the land surface. It does not,
however, quantify the mineral dust load associated with the

Figure 9. Spatial distribution of the proportion of clear-sky
dust source activation events relative to total (clear-sky + cloud-
associated) dust source activations across East Asia. Clear-sky acti-
vations primarily reflect the influence of the low-level jet (LLJ) and
mountain–valley winds, whereas cloud-associated activations re-
flect the influence of cyclones and haboobs. Identified dominant me-
teorological forcings are labelled in black: cyclones (C), low-level
jet (L), haboobs (H), and mountain–valley winds (V). Basemap
from NASA Blue Marble.

resulting plume or its downwind propagation but overcoming
those limitations, are obvious next steps.

Current dust models struggle to reproduce historical
changes in atmospheric dust loadings, in part, because of
the reliance on empirical dust source functions used to pa-
rameterize dust emissions (Kok et al., 2023). The effects of
meso- and local-scale winds on dust emissions are underrep-
resented in many climate models, with existing studies fo-
cusing on the Sahara, leaving East Asia comparatively over-
looked (Fiedler et al., 2015; Marsham et al., 2008; Tegen
et al., 2013). Our findings show that meso- and local-scale
mechanisms (e.g., the LLJ, convection and mountain-valley
winds) exert a greater spatial influence on dust source ac-
tivation in East Asia than previously documented. Regional
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climate model simulations reveal that LLJ activity tends to
strengthen and shift geographically in response to global
warming in hot spot regions such as West Africa but the long-
term trends in East Asia remain understudied (Torres-Alavez
et al., 2021). Our study provides valuable context to efforts
aiming to improve predictions of dust activity in East Asia
under future warming (Luiz and Fiedler, 2024), as well as
for interpreting paleoclimate records of dust cycling across
multiple geological timescales.
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