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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 activation. We show that East Asia’s 10 

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 15 

surface, deepening the convective boundary layer and momentum transfer to the land surface. A northern region, centred on 

the Mongolian Plateau-Gobi Desert is dust-active from morning to afternoon (08:00–14:00 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 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 20 

future dust emissions in East Asia under a warming climate.   

1 Introduction 

Mineral dust is a crucial component of the Earth system, influencing climate directly through its interactions with radiation 

budgets and cloud physics in the atmosphere (Kohfeld and Harrison, 2001), and indirectly through its impact on 

biogeochemical cycles, for example, by fertilizing terrestrial and marine ecosystems (Jickells et al., 2005; Swap et al., 1992). 25 

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 Index (AI) (Ginoux et al., 2004; Prospero et al., 2002; Herman 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, spaceborne and ground-30 
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based observation of low temporal and spatial resolution (e.g., MODIS satellite data and meteorological stations) conflate 

dust emissions with dust transport in the atmosphere and are therefore ill-suited to accurately identifying dust sources and 

quantifying their activation frequencies, limiting our understanding of the meteorological forcing mechanisms that drive dust 

emissions over local/regional scales. High frequency repeat observations from geostationary satellites can be used to 

overcome these limitations. Schepanski et al. (2009) used Meteosat Second Generation (MSG) Spinning Enhanced Visible 35 

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. Subsequent 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). 40 

 

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 45 
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labelled in white. Base map from Google Satellite © Google. (c) Dust source activation (DSA) frequency 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’s Blue Marble: 

Shaded Relief imagery © NASA. 

East Asia is estimated to contribute approximately 20% of the global annual atmospheric dust load (Kok et al., 2021). In a 50 

recent contribution, we presented a detailed analysis of dust source activation (DSA) frequency for East Asia using infrared 

data with a repeat time of 10 minutes from the geostationary 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 DSA frequency. Here, we 

focus on the timing of dust mobilization, which we quantify at hourly resolution, and compare dust activation events to 

meteorological data sets to evaluate the underlying atmospheric mechanistic controls. 55 

2 Meteorological Processes of Dust Source Activation in East Asia 

Dust source activation is triggered by wind speeds that exceed the local threshold velocity for deflation with many different 

meteorological processes capable of acting as the underlying 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 

driven by the passage of Mongolian extratropical cyclones, mountain-valley winds, and the nocturnal Low-level Jet (LLJ). 60 

2.1 Synoptic-scale Wind Systems 

Numerous studies based on data from meteorological stations, satellite products and dust models have identified Mongolian 

cyclones and their associated cold fronts as the primary drivers of springtime dust storms in East Asia, particularly 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 between the high-latitudes (e.g., Siberia) and mid-latitudes of East Asia intensifies 65 

baroclinicity, fosters atmospheric instability and favors cyclogenesis (Zhang et al., 2012). Cyclogenesis is also favored on 

the leeward side (i.e., lee genesis) of the mountains on the Mongolia Plateau (e.g., the Altai and the Khangai Mountains, Fig. 

1b). Intense temperature 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 suggested to influence dust activation in the Taklimakan Desert (Saeedi 70 

and Khoshakhlagh, 2018; Mu et al., 2023; Fig. 1b) but here, topographic steering of synoptic air flows is suggested 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 
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topographic configuration triggers mesoscale cold wind events in three distinct wind directions that lead to dust emissions: 75 

easterly, northerly, and westerly (Aoki et al., 2005). 

Two types of synoptic-scale low-pressure system are suggested to trigger dust events over the northern Tibetan Plateau 

(Feng et al., 2023): (i) those that develop in the northeastern 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). 80 

2.2 The Low-level Jet 

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. The 

differential heating and cooling around mountain barriers, together with the decoupling/recoupling of winds from the surface 

friction drives the formation of the LLJ with diurnal variability (Kraus et al., 1985). In the Tarim Basin, cooling of the desert 85 

surface at night leads to the formation of a stable boundary layer (inversion) 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 seasonality and relative contributions of LLJ-induced dust emissions 

compared to cyclone-induced dust emissions. One study suggests 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 90 

been suggested to favor 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 

Mountains, Fig. 1b) leads to the formation of low-level barrier jets and associated dust storms (Chen et al., 2021). 

2.3 Mountain-Valley Winds 95 

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 pressure gradients, resulting in powerful afternoon winds blowing 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 3,000 meters above ground (Zhou et al., 

2023). Furthermore, the east-west orientation of the mountain ranges on the Tibetan Plateau (Fig. 1b) induce the westerly 100 

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). 
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3 Data and Methods 

3.1 Himawari-8/9 Near-Time Images and Detection of Dust Activation Events 105 

We used the DSA frequency data set for East Asia of Chen et al. (2025) and compared it to meteorological data sets to assess 

atmospheric forcing mechanisms. The detailed methodology used to develop the DSA frequency data set, together with 

limitations, are given in Chen et al. (2025). Briefly, over 420 thousand RGB images from Himawari-8/9 with a temporal 

resolution of 10 minutes and a spatial resolution of 2 km x 2 km in the infrared spectrum were analyzed to quantify dust 

source activation events across East Asia (80–130°E, 27–52°N) between January 2016 and December 2023. Dust plumes 110 

were identified by manual inspection of daily animations and traced back in time to their source. The high temporal 

resolution of these DSA data makes it possible to estimate the starting time of emission for each dust event in hourly 

resolution (Akihiro, 2020). We categorized observed DSA events as originating under either clear-sky or cloud-associated 

conditions. Under clear-sky conditions, the dust plume is distinct within a grid cell (1° x 1°) whereas, under cloud-associated 

conditions, the grid cell point of origin is at least partially obscured by cloud cover. If the grid cell point of origin is entirely 115 

obscured by cloud clover but the point of origin of a developing dust plume is obvious from a consecutive sequence of 

satellite images, the dust plume is still recorded but excluded from statistical analysis in this study. Under cyclonic 

conditions, band-structures of clouds (e.g., cold fronts) may extend beyond one grid cell. The associated wind fields can 

trigger 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. 120 

3.2 ERA5 Data and LLJ identification 

Surface meteorological observations are sparse in western China (Ge et al., 2016). To evaluate meteorological conditions 

and atmospheric processes fostering dust emission, we use the fifth generation European Centre for Medium-Range Weather 

Forecasts (ECMWF) atmospheric reanalysis (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 pressure levels vertically. We 125 

use ERA5 hourly averaged data to analyze the average wind speed (using the u-component and v-component of wind in m/s) 

across different pressure levels. We used ERA5 monthly averaged data to analyze the monthly variations in wind speed and 

gusts.  

We identified LLJ occurrence from low-level wind speed maxima by examining vertical wind profiles following Schepanski 

et al. (2009). The LLJ occurrence was defined based on the difference between the maximum wind speed within 3 km above 130 

ground level (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 above ground level. The jet-nose height 

occurs at different pressure levels across regions (Fig. S1, e.g., 875 hPa in the Taklimakan Desert, 900 hPa in the Northeast 
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Plain, and 825 hPa on the Alashan Plateau). The frequency of LLJ occurrence was calculated based on the wind speed 135 

difference (Δv ≥ 5 m s⁻¹) between the 975 hPa level and the jet-nose pressure.  

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-140 

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 conditions (Fig. 2a), 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), the primary 

locations of DSA events are the Taklimakan Desert, especially at its eastern end, the Alashan Plateau, the Northeast Plain 145 

and the Ordos Plateau (Fig. 2b).   

 

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. 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 150 

Ordos Plateau (Od). Basemap from NASA’s Blue Marble: Shaded Relief imagery © NASA. 
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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 important to dust 

source activation operate on much shorter timescales and these have received little attention (Song et al., 2024). Our data 155 

show that peak hours for DSA across most of East Asia are between 09:00 and 12:00 local solar time (LST) but slightly later 

in the day on the southern Tibetan Plateau (between 12:00 and 15:00 LST, Fig. 3). To understand the underlying 

meteorological forcing, we studied five areas of high DSA frequency (one taken from all of the main dust-active regions, i.e., 

MP, NP, ALS, TK, TP, see Fig. 1b and Fig. 4) and we calculated hourly DSA counts within these areas under both clear-sky 

and cloud-associated conditions and parsed their aggregated mean DSA frequency into quarterly segments (Fig. 4). 160 

 

 

Figure 3. Peak Hours of Dust Source Activation (local solar time, LST) in East Asia (80°E–130°E). Basemap from NASA’s 

Blue Marble: Shaded Relief imagery © NASA. 

 165 

The Mongolian Plateau (103–104°E, 43–44°N) is most dust-active under cloud-associated conditions in spring between 

09:00 and 11:00 LST (Fig. 4a). The Northeast Plain (121–122°E, 43–44°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 11:00 LST, and cloud-associated 

conditions between 09:00 and 14:00 LST (Fig. 4b). We attribute the strong springtime signal in cloud-associated events in 

these two regions (Figs. 4a–b) to the well-documented seasonal peak in cyclone activities (Mu and Fiedler, 2025). A 170 

secondary peak in clear-sky and cloud-associated activations in the Mongolian Plateau (103–104°E, 43–44°N) occurs during 
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winter between 09:00 and 13:00 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 (Natsagdorj et al., 2003), indirect measurements of dust optical depth 

(DOD) (Tindan et al., 2023) and dust models (Liu et al., 2003). 175 

 

 

Figure 4. Diurnal distributions of dust source activation count for 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 180 

regions include the Mongolia Plateau (MP; 103–104°E, 43–44°N), the Northeast Plain (NP; 121–122°E, 43–44°N), the 

Alashan Plateau (ALS; 100–101°E, 41–42°N), the Taklimakan Desert (TK; 89–90°E, 39–40°N), and the Tibetan Plateau 

(TP; 91–92°E, 34–35°N). For each region, the grids with the highest dust source activations frequency (see maps on the left) 

are used for the analysis. Bar plots represent the hourly counts of dust source activation events (counts) for each season, 

comparing clear-sky (yellow) and cloud-associated (grey) conditions. Basemap from NASA’s Blue Marble: Shaded Relief 185 

imagery © NASA. 

 

Both the Alashan Plateau (100–101°E, 41–42°N) and the Taklimakan Desert (89–91°E, 39–41°N) are dust-active year-round 

(Fig. 4c). Cloud-associated activations are prevalent during spring, whereas clear-sky conditions dominate in other seasons. 

The clear-sky activations occur in a narrower daily interval 07:00–14:00 LST than the cloud-associated activations, 07:00–190 
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19:00 LST and these distinct diurnal patterns are consistent throughout the year (Figs. 4c–d). These results strongly suggest 

that, as is the case further north, dust source activation in the Taklimakan Desert and the Alashan Plateau during spring is 

increased by synoptic wind systems associated with the passage of cyclones and cold fronts, weather systems well 

documented in spring in these regions (Li et al., 2022). A different meteorological forcing mechanism is required to explain 

the clear-sky dust activation events that dominate spring and the rest of the year in the Taklimakan Desert and the Alashan 195 

Plateau. 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). However, our data show that clear-sky 

dust activation in the Taklimakan and the Alashan Plateau peak in the morning (06:00–12:00 LST; Figs. 4b–c), implying that 

other meteorological forcing mechanisms are responsible for clear-sky dust activations (see section 4.3). 200 

The Tibetan Plateau (89–91°E, 35–37°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 14:00 LST (Fig. 4e). This prominent diurnal peak in dust source 

activations corresponds closely with the timing of peak wind gust speeds (Fig. 5). Thus, we infer control by the interaction 

between the atmosphere and extreme terrain with the dust activations induced by the afternoon mountain valley-channelled 

winds documented in meteorological station data by Zhu et al. (2024).  205 

 

 

Figure 5. Diurnal variations in gust wind speeds (blue curve) and winter dust source activation events under clear-sky 

(yellow bars) and cloud-associated (grey bars) conditions over the southern-central Tibetan Plateau (TP; 80–95°E, 27–34°N). 

Dust source activation frequency of the TP region shown on the inset map. Gusts data are obtained from European Centre for 210 

Medium-Range Weather Forecasts Reanalysis 5 (ERA5). Insect basemap from NASA’s Blue Marble: Shaded Relief 

imagery © NASA. 
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4.3 Role of the Low-level Jet in Dust Source Activation Across East Asia 

4.3.1 Low-level Jet Occurrence in East Asia 

The importance of the Low-level Jet (LLJ) in driving dust activity has been documented in satellite and/or meteorological 215 

station data sets of high temporal resolution in the Sahara (Schepanski et al., 2007; Schepanski et al., 2014), the Middle East 

(Hennen 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 explored the 220 

role of the LLJ in the Taklimakan Desert but LLJ-driven dust emissions have received little attention elsewhere in East Asia. 

To assess LLJ-control on dust activation in our data, we examined vertical wind profiles at 09:00 LST across East Asia 

between 2016 and 2023, evaluating them for low-level wind speed maxima characteristic of the LLJ (see Data and Methods 

for more details). Our reconstructions reveal a main LLJ belt (frequencies up to 20%) in the low–lying regions that extend 

from the Taklimakan Desert eastward to the Northeast Plain lying between the Tibetan Plateau and the Mongolian Plateau 225 

(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 (frequencies up to 20%) as well as in the Jungger Basin (frequencies up to 30%, Fig. 6a). LLJ 

events occur year-round in these regions with modest seasonal variability in frequency (Fig. S2). For example, the 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, the LLJ occurs more frequently during warm seasons when the Tarim 230 

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 suggestions 

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 coherent Doppler wind lidar analysis (Su et al., 2024). Our reconstruction shows 

that the southeastern part of the basin is most susceptible to LLJ activity (10-20%). LLJ events (30-50%) also occur on the 235 

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 ERA-5 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 at times of 

peak dust source activation (09:00 LST) and link them directly to dust activation events (see section 4.3.2). 

High LLJ frequencies (10-20%) are observed on the Alashan Plateau, the Junggar Basin, the Ordos Plateau and China's east 240 

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).  

 245 
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Figure 6. (a) Frequency (%) of the Low-level Jet (LLJ, Δv ≥ 5 m s-1 between levels at 975 hPa and the jet-nose pressure) 

occurrence at 09:00 local solar time (LST), average from 2016 to 2023. (b) Contribution from LLJ-induced dust source 

activations estimated by the percentage of dust source activation events observed between 09:00 and 12:00 LST under clear-

sky conditions from 2016 to 2023 normalised by total dust activation events (clear-sky plus cloud-associated conditions day-250 

round). High LLJ occurrence and LLJ-induced dust source activations regions labelled in black include Jungger 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’s Blue Marble: Shaded Relief 

imagery © NASA. 

4.3.2 Low-level Jet Controls Dust Source Activation in East Asia 255 

To evaluate the LLJ contribution to dust activity, we calculate the proportion of all dust events (clear-sky plus cloud-

associated conditions day-round) that occur between 09:00 and 12:00 LST under clear-sky conditions and make a spatial 

comparison of these data (Figs. 6b and S3) to our reconstruction of LLJ occurrence at 09:00 LST (Fig. 6a). We selected 

09:00 LST for our analysis of the vertical structure of the atmosphere because dust source activation is triggered by the 

breakdown of the LLJ and momentum transfer to the land surface (Schepanski et al., 2009) and breakdown typically initiates 260 

from around 09:00 LST, with 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).  

The spatial correspondence between LLJ occurrence at 09:00 LST and clear sky dust activation between 09:00 and 12:00 

LST is striking (Fig. 6) with hotspots in both data sets in the Taklimakan Desert, the Alashan Plateau, the Ordos Plateau, the 

Mongolian Plateau (northern side of the Altai Mountains, Fig. 1b), the Northeast Plain, the Jungger Basin and the 265 

mountainous regions along the Mongolia and Kazakhstan border (Zhang et al., 2018; Fig. 6).  
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Figure 7. Mean wind speed-height profiles for dusty and non-dusty days under clear-sky conditions at different hours for 

three subregions, (a–b) NP (Northeast Plain, 120–122°E, 41–44°N), (d–e) ALS (Alashan Plateau, 100–101°E, 41–42°N), and 

(g–h) TK (Taklimakan Desert, 89–91°E, 39–41°N). The rightmost column shows the wind speed difference between 975 270 

hPa and the jet-nose pressure level at 06:00 LST for dusty (yellow) and non-dusty (grey) days in: (c) NP, (f) ALS and (i) TK. 

Wind speed data are obtained from European Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA5). 
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To further test the role of LLJ occurrence in modulating clear-sky dust source activations, we analyzed three key regions 

where the LLJ activity has been reported in other published data sets (Yan et al., 2021; Ge et al., 2016; Shu et al., 2024): the 275 

Taklimakan Desert, the Alashan Plateau and the Northeast Plain (Fig. 1c). We calculated hourly mean vertical profiles of 

wind speed for dusty and non-dusty days under clear-sky conditions (Fig. 7). We make three basic observations. First, the 

profiles 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 levels (e.g., 280 

~900 hPa in the Northeast Plain, ~825 hPa in the Alashan Plateau and ~875 hPa in the Taklimakan Desert, Fig. S1). Third, in 

all three regions, there is a marked difference in windspeed vertical profiles between dusty and non-dusty days with jet-nose 

wind speeds higher on dusty days than non-dusty days (Fig. 7). We note that jet-nose wind speeds on the Northeast Plain and 

the Taklimakan Desert reach their maxima at ca. 04:00–06:00 LST and minima at ca. 12:00–14:00 LST during both clear-

sky non-dusty days and clear-sky dusty days while, on the Alashan Plateau, they reach their maxima at ca. 04:00–06:00 LST 285 

and minima at ca. 00:00–02:00 LST. This finding suggests that some clear-sky DSA events might be triggered by the 

cyclonically induced LLJ activity (Mu et al., 2023) with the wind profile influenced by cyclones. Regardless, under clear 

clear-sky conditions, ground-level wind speeds are higher (by ~2.5 m/s) 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 (median value > 5 m/s) than non-dusty days (median value by ~2.5 m/s).  290 

 

4.4 Role of Gusts in Dust Source Activation across East Asia 

Field studies suggest good correspondence between surface wind speed and dust occurrences in East Asia (Kurosaki and 

Mikami, 2003; Zhao and Zhao, 2006) with a strong role for wind gustiness (Mcgee et al., 2010; Marticorena and Bergametti, 

1995). To investigate the influence of gustiness on DSA in East Asia across the seasons, we reconstructed the average 295 

monthly DSA for five major dust active regions between January 2016 and December 2023 and compared them with wind 

gust strength from ERA5 data (Fig. 8). We observe a striking correspondence between gustiness and DSA frequency in the 

regions where cloud-associated DSA events dominate (e.g., the Mongolian Plateau, the Northeast Plain, and the Tibetan 

Plateau) with a weaker but still notable correspondence in the Taklimakan Desert and the Alashan Plateau. The Mongolian 

Plateau and Northeast Plain (the Tibetan Plateau) exhibit distinct peaks in DSA events from February to June (November to 300 

April), attributed to gusts induced by cyclones (mountain-valley winds, Fig. 5). The Taklimakan Desert and Alaskan Plateau 

experiences DSA events throughout the year (Figs. 8c–d). Peaks in DSA events from January to May align with peak gust 

strengths, but weaker correlation is observed during other months (Figs. 8c–d), probably explained by LLJ-induced DSA 

(see section 4.3) and land surface controls (e.g., precipitation and vegetation cover, Chen et al., 2025).  

 305 
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Figure 8. Changes in dust source activation (DSA) frequency (coloured bars) and gust wind speed (dotted lines) for the main 

dust-active regions between January 2016 and December 2023.  The main dust-active regions (see maps on the left): include 

the Mongolia Plateau (MP; 94–113°E, 43–46°N), the Northeast Plain (NP; 119–123°E, 42–44°N), the Alashan Plateau 

(ALS; 98–105°E, 38–42°N), the Taklimakan Desert (TK; 80–89°E, 37–41°N), and the Tibetan Plateau (TP; 80–92°E, 28–310 

35°N). DSA Frequency are averaged over grids in each region. Gusts data are obtained from European Centre for Medium-

Range Weather Forecasts Reanalysis 5 (ERA5), defined as the maximum wind at each model time step, at a height of ten 

metres above the surface of the Earth. Basemap from NASA’s Blue Marble: Shaded Relief imagery © NASA. 

5 Conclusions 

We identify the key atmospheric mechanisms driving dust generation across East Asia under both cloud-associated and 315 

clear-sky conditions through analysis of high-resolution spatial and temporal patterns of dust source activation and 

meteorological observations.  
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Figure 9. Spatial distribution of the proportion of cloud-associated events to total events (cloud-associated + clear-sky), 320 

implying potential atmospheric forcings on dust source activations in East Asia. Cloud-associated activations imply 

influence from cyclones, while the Low-level Jet and mountain-valley winds are commonly associated with clear-sky 

conditions. Identified meteorological forcing labeled in black: cyclones (C), the Low-level Jet (L) and mountain-valley 

winds (V). Basemap from NASA’s Blue Marble: Shaded Relief imagery © NASA. 

 325 

We report two primary dust source activation regions that display distinct diurnal, seasonal, and annual variations in 

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., Mongolia cyclones). In the southern source region, both clear-sky and 

cloud-associated DSAs (40%–60% of total events, Fig. 9) occur and we attribute clear-sky events largely to breakdown of 330 

the LLJ during mid-morning heating of the land surface. We also report a third dust source region on the Tibetan Plateau. In 

its northeastern part, most events are cloud-associated activations (>60% of total events, Fig. 9) and therefore 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 driven by strong afternoon mountain-valley winds.  

Our methodology overcomes the longstanding issue of atmospheric transport bias in satellite data sets by precisely 335 

identifying times and locations of dust activation events, enabling 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 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 parameterize dust emissions (Kok et al., 2023). The effects of meso- and local- scale 340 

winds on dust emissions are underrepresented in many climate models, with existing studies focusing on the Sahara, leaving 

East Asia comparatively overlooked (Fiedler et al., 2015; Marsham et al., 2008; Tegen et al., 2013). Our findings show that 
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meso- and local-scale mechanisms (e.g., the LLJ and mountain-valley winds) exert a greater spatial influence on dust source 

activation in East Asia than previously documented. Regional 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 345 

trends in East Asia remains 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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