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Abstract. Dust storms are a common hazardous weather phenomenon in arid regions. In recent years, dust storm intensity in
northwest China has increased markedly under changing atmospheric circulation conditions, yet the underlying mechanisms
remain debated. Previous studies have largely attributed dust variability to land-surface changes and broad-scale circulation
anomalies, but the spatially divergent responses of different dust source regions to circulation changes remain poorly
understood. Here, we investigate Mongolian cyclone variability during 2001—-2025 and its impacts on dust activity in the
Taklimakan Desert, Alxa Plateau, and Mu Us Sandy Land using multi-source observational data and a random forest
regression model. Results showed that (1) Mongolian cyclone intensity increased from 94.84 x 10 s! t0 97.76 x 103 s! and
shifted southward by about 2.08° after 2019; (2) Strengthened Mongolian cyclone activity enhanced dust emissions in the
Alxa Plateau (from 0.23 to 0.28 g'm since 2019), whereas dust activity declined in the Taklimakan Desert, which is less
affected by Mongolian cyclone forcing (from 0.63 to 0.57 g'm? since 2019); (3) Wind was the dominant driver of dust
activity (contribution >0.60), while precipitation and the Pressure Gradient Index (PGI) were important secondary
contributors in the Alxa and Mu Us regions, and PGI partially modulated wind effects in surrounding cities; and (4) Regional
spring mean PM o concentrations are projected to increase substantially during 20262100 (229.98-824.31 pug-m™) and show
weak sensitivity to emission scenarios. These findings highlight the importance of explicitly considering cyclone-wind
regime-topography interactions in future dust projections, as circulation-driven variability may play a larger role than
previously recognized in regulating East Asian dust activity.

Keywords. Dust storm, Mongolian cyclone, PMio concentration, Spatiotemporal variation, Meteorological factors, Land
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1 Introduction

Dust storms are a typical extreme weather in arid areas. Driven by large-scale atmospheric circulation and weather systems,
accelerate land desertification, cause severe air pollution, and pose significant risks to human health and urban transportation
(Gao et al., 2024; Victor et al., 2024; Wang et al., 2025b; Zhang et al., 2024). Dust particles alter the Earth’s radiation
balance (Li and Wang, 2022), affect marine biogeochemical cycles (Bishop et al., 2002; Falkowski et al., 1998), and
exacerbate respiratory and cardiovascular diseases (Goudie, 2014; Tam et al., 2012; Tong et al., 2023). In April 2025 alone,
a major dust storm caused estimated economic losses of 0.08—3.50 billion RMB in China (Zhang et al., 2025).

China accounted for nearly 75% of East Asian dust emissions during spring 2018-2020 (Zhang et al., 2024). However, a
recent study based on source apportionment suggested that Mongolia has become an increasingly dominant source,
contributing about 43% of East Asian dust in the early 2000s, about 53% in recent years, and as much as 62% in 2022 (Xing
et al., 2025). Anomalous warming in the northwest Atlantic combined with eastern Pacific cooling (La Nifia) has reduced
precipitation and dried soils in Mongolia, enhancing dust emissions (An et al., 2018; Hu et al., 2023). Approximately 88% of
severe dust storms in China are driven by Mongolian cyclones (Gao et al., 2024), a proportion much higher than that
associated with cold fronts or other systems (Wu et al., 2016; Yu et al., 2023). Poleward cold air intrusion altered sea level
pressure patterns, leading to divergent dust variations between the Tarim Basin and the Alxa Plateau (An et al., 2018).
Anomalous cyclonic circulation accompanied by upper-level intensified northwesterly wind and intensified surface wind
speed (Luo et al., 2026). Since 2021, the intensity and frequency of dust storms in China have risen noticeably (Filonchyk,
2022; Wu et al., 2025). These contrasting findings raise a central question: how the Mongolian cyclone activity governs the
spatial variations of dust storm occurrence in dust sources in China.

Although it is well recognized that dust occurrence is controlled by both land surface properties (Pu and Jin, 2021; Wu et al.,
2022; Zan et al., 2025) and Mongolian cyclone activity (Yu et al., 2023), few studies have explicitly quantified how cyclone
activity modulates surface wind, precipitation, soil moisture, and vegetation, and how these pathways differ across regions.
The Tarim Basin (Taklimakan Desert) and the Alxa Plateau (including Mu Us Sandy Land) offer a compelling comparative
case study. As the main dust source region in Central Asia, the Tarim Basin is topographically sheltered and minimally
affected by Mongolian cyclones, whereas the Alxa Plateau lies directly in the path of northwesterly winds associated with
cyclone activity (Han et al., 2025; Yang et al., 2014). Moreover, the post-2021 resurgence of severe dust storms (Wu et al.,
2025; Yu et al., 2023) contradicts the persistent greening trend in northern and northwestern China (Fu et al., 2026). This
apparent contradiction underscores the need to reanalyze Mongolian cyclone activity on dust occurrence. However, a
comprehensive evaluation of the Mongolian cyclone activity effect on spatial variation of dust occurrence remains lacking.
PM is defined as particulate matter with aerodynamic diameter less than 10 um, can be transported globally, had greatly
effect on climate and environment. Recently, certain progress has been made regarding on the influencing factors and trends
of PMio concentrations in China. It is generally accepted that PMio concentrations are primarily driven by factors such as

wind speed, precipitation, soil moisture, and land cover (Fu et al., 2026; Pu and Jin, 2021; Wu et al., 2022; Zan et al., 2025).
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Wind serves as the key driver of dust transport, and the upper-level westerly jet stream can provide short-term precursor
signals for dust storms in northern China (Liu et al., 2004). Vegetation coverage covered land surface and increased land
surface roughness length, can reduce about 32.5% dust emission for coverage <15% (Fu et al., 2026). Meanwhile, increased
precipitation and soil moisture may promote soil crust formation, thereby limiting dust emissions (Engelstaedter et al., 2003;
Liu et al., 2004). Additionally, topography also influences the transport pathways of dust (White et al., 2024; Zhang et al.,
2022; Zhang and Dong, 2023). However, current research predominantly focuses on individual dust storm events, with a
lack of studies examining trends over the past 45 years.

Building on this foundation, we propose two hypotheses: first, that the influence of the Mongolian cyclone on dust activity
differs between the Taklimakan Desert and the Alxa Plateau; and second, that the mechanisms governing dust emissions and
transport vary between the interior of desert areas and their surrounding regions (Yu et al., 2023). In summary, significant
controversy remains regarding the dominant dust sources and primary driving mechanisms of dust storms in northwest China,
highlighting the need for further systematic research. To test these hypotheses, we divide the dust source into two subregions:
source 1, the Tarim Basin (Taklimakan Desert), source 2, the Alxa Plateau and Mu Us Sandy Land. These subregions are
characterized by distinct near-surface wind regimes, northeasterly winds dominate in the Taklimakan Desert, while the Alxa
Plateau and adjacent areas are primarily influenced by northwesterly winds associated with the Mongolian cyclone. In this
study, we investigate the characteristics of dust storms day and PMio concentration (grain size smaller than 10 um) in
northwestern and northern China by examining variations in the Mongolian cyclone, supported by an analysis of
meteorological factors and land surface conditions. The objective is to provide a scientific basis for developing more targeted

strategies for dust prevention and mitigation.

2 Study area and data
2.1 Study area

The study area is located in northwest China. Most areas in northwest China are arid and semi-arid regions, and dust events
occur frequently in spring (Liu et al., 2020). There are four dust storm centers and origins in China, Hexi Corridor in Gansu
Province and Alxa Plateau in Inner Mongolia, Taklimakan Desert and its surroundings in the south of Xinjiang Autonomous
Region, northern slope of Yinshan Mountains in Inner Mongolia and Hunshandake Desert and its surrounding areas, along

the Great Wall in Inner Mongolia, Shanxi Province and Ningxia Hui Autonomous Region (Liu et al., 2025, 2020).

2.2 Data

Hourly PMio concentration data were obtained from China National Environment Monitoring Centre (CNEMC:
https://www.cnemc.cn/). It currently collects atmospheric pollutants across 367 cities in China. We downloaded the national

PMjo concentration data for the winter and spring seasons from 2016 to 2025 to analyze temporal trends and spatial
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variations in PM1o concentrations. We defined the occurrence of dust storms based on a daily PMio concentration exceeding
500 pg-m.

Dust column mass density data was from MERRA-2 dataset
(https://disc.gsfc.nasa.gov/datasetss M2TMNXAER 5.12.4/summary) (Global Modeling and Assimilation Office and Pawson,
2015). MERRA, a product of NASA’s Global Modeling and Assimilation Office (GMAO), are the results of global

atmospheric modeling done with assimilation of observational data. M2TINXAER (or tavgl 2d aer Nx) is an hourly time-
averaged 2-dimensional data collection in Modern-Era Retrospective analysis for Research and Applications version 2
(MERRA-2), with a spatial resolution of 0.5° x 0.625°. We downloaded the data of 2001-2025, and analyzed the annual
variations of dust storms in northwest China and conduct a multi-factor analysis.

The 10-m horizontal wind components (used to calculate the wind speed and direction), geopotential height, mean sea level
pressure, total precipitation and soil moisture data were accessed through the “ERAS hourly data on single levels from 1940
to present” data set (ERAS: https://cds.climate.copernicus.eu/). ERAS, produced by the European Center for Medium Range
Weather Forecasts (ECMWF), is a global atmospheric reanalysis data set with a spatial resolution of 0.25° x 0.25°, and an
hour temporal resolution (Hersbach et al., 2020). We downloaded these data for the winter and spring seasons to analyze the
spatial-temporal variation of wind speed, precipitation, soil moisture, and mean sea level pressure, and to examine their
correlation with PM1o concentrations.

The Normalized Difference Vegetation Index (NDVI) data were obtained from the monthly MODIS Terra Vegetation
Indices 1 km product (MOD13A3: https://earthdata.nasa.gov/). This data set, part of the Moderate Resolution Imaging
Spectroradiometer (MODIS) Terra Vegetation Indices Monthly (MOD13A3) Version 6.1, is a gridded Level 3 product with
a spatial resolution of 1 kilometer, provided monthly in a sinusoidal projection. In generating this monthly product, the
algorithm ingests all the MODI13A3 products that overlap the month and employs a weighted temporal average. We
downloaded NDVI data to analyze its spatial-temporal variation, and to examine its correlation with PMio concentrations.
The land use data used in this study was derived from Landsat satellite imagery provided by the National Aeronautics and
Space Administration (NASA) and processed on the Google Earth Engine (GEE) cloud computing platform. The imagery
has a spatial resolution of 30 meters. Based on this data, we generated land use type products for northwest China from 2001
to 2025, which were subsequently used to calculate and analyze the Human Activity Intensity (HAI).

CMIP6 data were obtained through the Earth System Grid Federation (ESGF). This study selected the SSP1-2.6, SSP2-4.5
and SSP5-8.5 scenarios and employed three models, EC-Earth3-CC, MPI-ESM1-2-LR, and CESM2, to project springtime
PM concentrations from 2026 to 2100.

2.3 Analytical methods

All statistical tests were two-tailed with a significance level of a = 0.05. Prior to statistical analysis, the normality of each
continuous variable was assessed using the Shapiro-Wilk test (P > 0.05 indicating normality). Variables that deviated from

normality were analyzed using non-parametric methods (Spearman correlation), while variables conforming to normality

4
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were analyzed using parametric methods (joinpoint regression, segmented linear regression, and F-test) where applicable.
Time-series trend analyses were based on annual data from the specified periods: n = 25 for 2001-2025, and n = 10 for
2016-2025. For station-based analyses (Spearman correlation and segmented regression), data were pooled across 26
monitoring stations over the 20162025 period, yielding n = 260 station-year pairs.

Spearman correlation coefficient (r) was employed to investigate the relationships between PMo concentrations in northwest
China and wind speed, precipitation, soil moisture, NDVI. The calculation formula is as follows (Wan et al., 2024):

Y
r=1- "D 1)

where p is the Spearman correlation coefficient, di is the difference in ranks between each pair of data, » is the sample size.
Joinpoint regression was used to detect trend turning points in the spring wind speed series from 2001 to 2025 (Muggeo,
2003). The method fits two linear segments joined at an unknown breakpoint and selects the breakpoint that minimizes the
model's residual sum of squares. The search for the optimal breakpoint was restricted to the period 2005-2019 to avoid edge
effects. An F-test comparing the selected joinpoint model with a simple linear model (no breakpoint) was performed to
assess the significance of the trend change, and P-values were adjusted for multiple comparisons across candidate
breakpoints using the Benjamini-Hochberg false discovery rate method. Bootstrap resampling (1,000 iterations) was applied
to estimate 95% confidence intervals for the breakpoint years. All analyses were conducted in Python (version 3.13) using
the NumPy and SciPy libraries.

We identified the critical thresholds using segmented linear regression (Elder and Fong, 2019). For each driver (wind speed,
soil moisture, NDVI, and preceding-year precipitation) and its corresponding dependent variable (PMio concentration or dust
storm days), the data were sorted in ascending order by the independent variable. All possible breakpoints were iteratively
tested, excluding the first and last 15% of data points to ensure sufficient sample sizes on both sides of the breakpoint. At
each candidate breakpoint, two separate linear regressions were fitted to the left and right segments, and the coefficient of
determination (R?) of the two-segment model was calculated. The optimal threshold was defined as the breakpoint that
maximized the R2. To quantify the uncertainty of the estimated thresholds, we performed bootstrap resampling with 1,000
iterations. For each bootstrap sample, the segmented regression procedure was repeated, and the 2.5th and 97.5th percentiles
of the bootstrap threshold distribution were taken as the 95% confidence interval.

We employed Random Forest (RF) regression to quantify the relative contributions of six environmental factors (wind speed,
precipitation, soil moisture, NDVI, PGI, and HAI) to DUCMASS (dust column mass density). RF is an ensemble learning
method that builds multiple decision trees and averages their predictions. Feature importance was derived from the average
decrease in node impurity across all trees. This approach effectively handles non-linear relationships and multicollinearity
among predictors. All analyses were performed using Python's scikit-learn and SciPy libraries.

This paper calculated human activity intensity (HAI) based on land use types. The calculation formula is as follows (Xu et

al., 2016):
HAI = S% x 100% ()
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Scte = '_,(SL, x CI,) (3)
When HAI represents the terrestrial surface human activity intensity index; ScrLe denotes the equivalent area of impervious
surfaces within the region; S is the total area of the region; SLn represents the area of the nth type of land use within the
region; Cln is the construction land equivalent conversion coefficient for the nth type of land use within the region (Table

S1); and m represents the number of land use types within the region.

3 Results and discussion
3.1 Intensification and southward shift of Mongolian cyclones

To clarify the large-scale atmospheric circulation responsible for the recent rebound of dust storm activity over Northwest
China, we composite circulation anomalies during 2021-2025 against the climatological mean of 1981-2020 (Fig. 1A, B). A
pronounced negative sea-level pressure anomaly (-0.66 hPa) was centered over Mongolia at 119.5°E, 46.0°N (Fig. 1A). A
positive relative vorticity anomaly intensified from 3.18 x 107 s! (at 106.5°E, 48.8°N) to 11.90 x 107 7! (at 95.0°E, 44.5°N,

Fig. 1B), indicating a southward-shifted and intensified Mongolian cyclone.
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Fig. 1: (A) Sea level pressure anomalies from 2021-2025 compared to 1981-2020; (B) Vorticity anomalies from 2021-2025
compared 1981-2020; (C) The trend of changes of the mean vorticity intensity from 2001 to 2025; (D) The trend of changes of the
mean cyclone latitude from 2001 to 2025.

Correspondingly, near-surface wind speeds rose by 0.32 m-s™! across the Hexi Corridor and 0.63 m-s™! over the Alxa Plateau
for 2021-2025. These increments are 2—4 times greater than the marginal wind increase (+0.17 m-s™!) in the Taklimakan

Desert (Fig. S1A), highlighting a distinct spatial divergence in wind responses to cyclone activities. Such spatial disparity is
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further modulated by regional prevailing wind regimes. The Taklimakan Desert is dominated by northeasterly winds, while
northwesterly winds prevail over the Alxa Plateau and Hexi Corridor. As a result, the Alxa and Hexi regions are directly
exposed to the strong northwesterly flows linked to Mongolian cyclones (Fig. S1B).

Long-term evolutionary trends of Mongolian cyclones from 2001 to 2025 provide solid evidence for the observed dust
resurgence over Northwest China. The annual mean intensity of Mongolian cyclones increased from 94.84 x 107 s to 97.76
x 103 s! throughout 2001-2025, revealing a persistent intensification of this synoptic system (Fig. 1C). The latitudinal
position of the cyclone center remained nearly unchanged before 2020 (k = 0.03, P = 0.572), followed by an evident
southward displacement after 2020 (approximately 2.08° latitude, Fig. 1D). Collectively, the combined effects of intensified
intensity and southward migration of Mongolian cyclones are conducive to the development of extreme near-surface gales
and long-range dust transport towards Northern China in the past five years.

The impacts of Mongolian cyclones on dust storms are strongly modulated by complex topographic features across Northern
China. Encircled by the Tianshan and Kunlun Mountains, the Taklimakan Desert is dominated by northeasterly winds (Fig.
S1B). Such topographic shielding largely weakens the influence of Mongolian cyclones on this region (Mu and Fiedler,
2025). Accordingly, local dust emissions and transport are primarily controlled by regional circulations (Zhu et al., 2025).
On the contrary, the Alxa Plateau, Hexi Corridor and Mu Us Sandy Land are governed by persistent northwesterly winds.
These areas lack large-scale mountain barriers and are highly vulnerable to the disturbances induced by Mongolian cyclones
(Mu and Fiedler, 2025).

Interannual and decadal variations of Mongolian cyclone activity are also remotely forced by Arctic thermal anomalies.
Rapid Arctic warming and declining sea ice concentration over the Barents Sea can perturb the structure and intensity of the
polar vortex. This large-scale circulation perturbation generates anomalous circulations conducive to cyclogenesis over the
Mongolia-Lake Baikal domain, ultimately increasing the frequency and strength of Mongolian cyclones and triggering
frequent dust events across Northwest China (Wang et al., 2025a; Yin et al., 2022). In turn, radiative heating caused by
suspended dust aerosols can reshape regional horizontal temperature gradients. This positive feedback further intensifies
Mongolian cyclones and facilitates continuous dust emission and long-distance transport (Chen et al., 2023). To disentangle
the relative contributions and nonlinear responses of multiple environmental drivers to dust activity, we subsequently explore

the statistical relationships between PMio concentrations and a suite of meteorological and land surface variables.

3.2 Reversal of dust activity after 2019 and spatial divergence

To quantify how dust activity responds to recent meteorological changes, we contrasted near-surface PMio concentrations
across two periods: 2016-2020 and 2021-2025 (Fig. S2A, B). Elevated PMjo levels exceeding 300 pg'm were widely
detected over the eastern Taklimakan Desert (Hotan, Hami and Aksu), the Hexi Corridor (Zhangye and Jiuquan) and the
Alxa Plateau. After 2021, the number of monitoring stations recording PMio within 300-500 pg-m= increased by 13 in the

above regions. Meanwhile, stations with PMio ranging from 200 to 300 pg-m™ decreased by 174, primarily over the lower
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Yellow River Basin, where PM o concentrations declined to 100-200 pg-m. Such spatial disparities in aerosol loading are
consistent with previous observational findings on East Asian dust distribution (Xing et al., 2025).

For targeted comparative analysis, we classified the entire study domain into four subregions: Source 1 (the Tarim Basin),
Source 2 (the Alxa Plateau), dust transport pathways (areas adjacent to Source 2), and downwind urban areas (regions far
away from primary dust sources; Fig. S1C, D). Distinct wind regimes exist across these subregions: the Tarim Basin is
dominated by northeasterly winds, while northwesterly winds prevail over the remaining areas (Fig. S1B-D). Such wind
field differences fundamentally determine the regional dust transport routes (Mu and Fiedler, 2025).

After 2021, the Tarim Basin (Source 1) experienced a 6.28% decline in PMio concentrations. In contrast, notable rises were
detected in Source 2 (+24.22%), transport pathways (+3.29%) and downwind cities (+17.68%; Fig. 2A; Fig. S3A-D). Spring
dust column mass density (DUCMASS) derived from 2001-2025 datasets exhibited an evident trend reversal around 2019
(Fig. 2B), which synchronizes with the concurrent intensification and southward displacement of Mongolian cyclones (Luo
et al., 2026) (Fig. 1A-D). During the period before 2019, DUCMASS increased at a rate of +0.006 g'-m?-yr! in the Tarim
Basin, while it decreased at rates ranging from -0.005 to -0.004 g-m™-yr! in other subregions. This pattern fully reversed
after 2019: the Tarim Basin showed a decreasing trend (-0.013 g-m2- yr''), whereas Source 2, transport pathways and
downwind areas all presented increasing trends with rates of +0.007, +0.002 and +0.003 g'm2-yr'!, respectively (Table S2).
Overall, the enhanced dust activities after 2019 are mainly limited to regions under the direct influence of Mongolian
cyclones. By contrast, the topographically shielded Tarim Basin displays an opposite variation tendency, which further

verifies the topographic modulation effect on dust evolution (Zhou et al., 2025b).
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Fig. 2: (A) Interannual variations of near-surface PMy concentrations during 2016-2025; (B) Interannual variations of spring
dust column mass density (DUCMASS) from 2001 to 2025; (C) Mean dust storm days (DSD) across the four subregions derived
from ground-based PM;o observations (2001-2025); (D) Mean DSD across the four subregions retrieved from NOAA datasets
(2001-2025).
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Ground-based PM1o observations for 2021-2025 reveal that compared with the 2016-2020 period, dust storm days (DSD)
increased sharply in Source 2 (+49.68%), transport pathways (+42.54%) and downwind urban areas (+30.42%), while a
decrease of -9.91% was observed over the Taklimakan Desert (Fig. 2C; Fig. S4A-D). DSD calculated from NOAA datasets
also experienced a distinct trend reversal around 2019 (Fig. 2D). From 2001 to 2019, DSD presented a continuous
decreasing trend across all four subregions, with decreasing rates ranging from -0.29 to -0.47 d-yr''. After 2019, DSD turned
to rise in all study areas. The most prominent increase occurred in Source 1 (+4.06 d-yr'"), followed by downwind urban
areas (+1.51 d-yr'"), Source 2 (+0.84 d-yr'") and transport pathways (+0.41 d-yr!; Table S2). This discrepancy arises from
different detection principles. NOAA DSD (visibility-based) captures elevated and weak dust layers, while DUCMASS
reflects column-integrated loading. Over the Taklimakan, rising DSD but declining DUCMASS indicates more frequent but

weaker dust events, a contrast most evident there.

3.3 Wind speed as the primary driver: threshold, trend, and cyclone linkage

Near-surface wind speed acts as the most direct dynamical bridge connecting Mongolian cyclone activities and regional dust
emission. Compared with the 20162020 period, the 2021-2025 mean wind speed rose most remarkably over the Alxa
Plateau (+0.63 m's™!, +5.11%) and the Hexi Corridor (+0.32 m's™!, +4.89%). In contrast, the Taklimakan Desert experienced
only a marginal increase (+0.17 m-s™!, less than 2%; Fig. 3A; Fig. S2C, D). The interannual variation of March wind speed
from 2001 to 2025 presents an obvious trend reversal around 2019 (Fig. 3B). From 2001 to 2019, wind speed declined
steadily across all four subregions at rates ranging from -0.01 to -0.06 m-s™-yr-!'. After 2019, all trends flipped to positive,
with increasing rates between +0.06 and +0.11 ms - yr!. This post-2019 wind recovery is most prominent over the Alxa

Plateau (+0.11 m-s™!-yr'!), a region fully exposed to the influence of southward-displaced Mongolian cyclones (Table S2).
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Fig. 3: (A) The difference of average wind speed between 2021-2025 and 2016-2020; (B) Interannual variations of wind speed
from 2001 to 2025 March; (C) The difference of average precipitation between 2021-2025 and 2016-2020; (D) Interannual
variations of precipitation from 2016 to 2025 March; (E) The index correlation graph of PMi concentration and wind speed; (F)
The index correlation graph of the DSD of spring and the precipitation of the previous year; (G) The index correlation graph of
PMo concentration and soil moisture; (H) The index correlation graph of PM;o concentration and NDVI in spring.

Wind speed acts as a critical mediator linking Mongolian cyclone activities to dust emission processes. Segmented linear
regression reveals a critical wind speed threshold of 4.63 m's™! (95% confidence interval: 4.30-5.21 m-s!; Fig. 3E). Once
wind speed exceeds this threshold, near-surface PMio concentrations rise drastically. The Spearman rank correlation
coefficient between PMio and wind speed is 0.49 (P < 0.001; Fig. S5A), confirming their significant positive correlation. The
three most severe dust episodes during the study period (2021, 2023 and 2025) coincided with the highest spring wind
speeds (4.45 £ 0.76 (s.d.), 4.49 £ 0.81 (s.d.), 4.61 £ 1.07 (s.d.) m's’'; Fig. S6A-J) and the peak PMo levels (149.3 £ 95.5
(s.d.), 345.9 £ 50.6 (s.d.), 374.2 £ 56.3 (s.d.) pg'm?; Fig. 2A).

Wind speed is not simply a local meteorological variable, but a direct reflection of large-scale dynamical forcing induced by
Mongolian cyclones. It dominates the entire lifecycle of dust particles, including emission, horizontal transport and dry
deposition (Shao and Dong, 2006). Dust emission flux varies with wind speed following a cubic function, which is primarily
controlled by saltation and abrasion processes over arid surfaces (Kok et al., 2012). Stronger near-surface winds lift saltating
sand grains to greater heights and increase grain concentration, thereby substantially boosting dust aerosol emission (Kang et

al., 2024). Regional topography also exerts remarkable modulation on surface wind fields (Fig. S1B). For instance, the Helan
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Mountains deflect prevailing northwesterly flows and generate flank winds and lee vortices, which further reshape local dust
mobilization and transport. On the spatial scale, persistent northwesterlies carry dust aerosols from the Taklimakan Desert
and Alxa Plateau toward downstream areas. The correlation coefficient between PMio and wind speed reaches 0.49 (P <
0.001) over the southwestern Taklimakan Desert, Alxa Plateau and Hexi Corridor (Fig. S5A), demonstrating that wind field

variation serves as the dominant controller of dust storm activities across these key source regions.

3.4 Secondary modulators: precipitation, soil moisture, and vegetation

Although near-surface wind serves as the dominant dynamical driver for dust emission, precipitation, soil moisture and
vegetation can effectively regulate surface soil erodibility and further modulate regional dust activities. In this section, we
explore their statistical correlations with PMjo concentrations and examine their long-term evolutionary trends, aiming to
clarify their roles in the dust resurgence after 2019.

The mean winter-to-spring precipitation across the study area was merely 12.4-12.6 mm during 2016-2025 (Fig. 3C; Fig.
S2E, F). Meanwhile, March precipitation exhibited no statistically significant trend throughout 2001-2025 (Fig. 3D). A
significant negative exponential relationship was detected between annual precipitation in the preceding year and spring dust
storm days (DSD), with an effective suppression threshold of 143 mm (95% confidence interval: 112-212 mm; r = -0.52, P
< 0.001; Fig. 3F). Nevertheless, annual precipitation over major dust sources is far lower than this critical value: less than 50
mm in the Taklimakan Desert and 100—150 mm across the Alxa Plateau. Accordingly, the direct inhibition of spring dust
emission by contemporary precipitation remains limited (Fig. S5B). The lagged impact of antecedent precipitation, which
acts via deep soil water recharge and sustained vegetation growth, is statistically significant but only exerts a minor influence
on the interannual fluctuation of dust events.

Regional mean soil moisture across Northwest China was 0.14 £ 0.09 (s.d.) m*-m for 2016-2025, and it declined slightly to
0.13 £ 0.09 (s.d.) m* m during 2021-2025 (Fig. 4A; Fig. S3G, H). From 2001 to 2025, March soil moisture presented a
pronounced decreasing trend in all four subregions. The most remarkable declines occurred in Source 1 and the dust
transport pathway, with rates of -0.0009 and -0.0008 m*-m3-decade™! (P = 0.003 and 0.006 respectively; Fig. 4B; Table S2).
Soil moisture also follows a negative exponential relationship with PMio concentrations, with an effective suppression
threshold of 0.12 m*-m= (95% confidence interval: 0.12-0.15 m3-m=; r = -0.36, P = 0.005; Fig. 3G; Fig. S5C). This value is
considerably higher than the field-observed threshold for sand saltation initiation (Yang et al., 2020) (0.025 m?*-m™). Such
discrepancy can be explained by three factors: the vertical mismatch between the ERAS 0-7 cm soil layer and the surface
active layer, the spatial smoothing effect of reanalysis data versus in-situ point observations, and the essential difference

between the dust suppression threshold and the saltation onset threshold.
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Fig. 4: (A) Differences in mean soil moisture between 2021-2025 and 2016-2020; (B) Interannual variations of March soil moisture
(2001-2025); (C) Differences in mean NDVI between 2021-2025 and 2016-2020; (D) Interannual variations of March NDVI
(2001-2025).

Spring normalized difference vegetation index (NDVI) shows a significant negative correlation with PMo concentrations (r
=-0.51, P =0.009), with an effective dust suppression threshold of 0.13 (95% confidence interval: 0.13-0.19; Fig. 3H; Fig.
S5D). The regional mean vegetation coverage across Northwest China increased mildly from 0.16 £+ 0.08 (s.d.) (2016-2020)
to 0.17 £ 0.08 (s.d.) (2021-2025; Fig. 4C; Fig. S31, J). During 2001-2025, March NDVI exhibited significant rising trends
across all subregions: +0.04 decade™! for Source 1, +0.07 decade™! for Source 2, +0.04 decade™! for the Hexi Corridor, and
+0.13 decade! for downwind urban areas (all P < 0.001; Fig. 4D; Table S2). Such widespread vegetation greening is
primarily attributed to artificial afforestation rather than climatic change, given the stable winter-to-spring precipitation
(Zhou et al., 2025a). Nevertheless, March NDVI values over major dust sources, ranging from 0.05 to 0.07 in the
Taklimakan Desert, are consistently lower than the 0.13 threshold. As a result, sparse vegetation cannot provide effective
dust inhibition (Fig. 3H; Fig. 4D). Two additional factors further weaken the vegetation suppression effect: the seasonal
mismatch that NDVI reaches its minimum in March (the peak dust season), and the limited capability of satellite products to
capture non-photosynthetic vegetation such as dry grass and litter (Chappell et al., 2023). Overall, vegetation greening has
alleviated dust pollution to a certain extent, yet it fails to offset the wind-induced dust enhancement.

Precipitation inhibits dust activity indirectly via obvious time lags, mainly by elevating soil moisture and promoting
vegetation growth (Kang et al., 2024). Elevated soil moisture strengthens soil particle cohesion and facilitates soil crust
development, which consequently increases the threshold wind velocity for wind erosion (Fécan et al., 1999; Yang et al.,
2020). Vegetation cover restrains dust emission through three pathways: canopy interception of airborne particles, increased
surface roughness, and soil consolidation by plant roots (Liu et al., 2004, 2020). Since antecedent precipitation replenishes

deep soil water and maintains vegetation vitality into the following spring, dust storm days correlate more closely with
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preceding-year precipitation than with concurrent rainfall (Gong et al., 2024) (» = -0.52, P < 0.001). Despite the potential
overestimation of dust suppression derived from the 0—7 cm ERAS soil moisture dataset, caused by vertical deviation from
the actual surface active layer (Okin, 2022), the threshold value of 0.12 m3 - m= determined in this study can serve as a
reliable quantitative benchmark for dust control across Northwest China.

NDVI was positively correlated with Human Activity Intensity (HAIL » = 0.49, P = 0.014), whereas its negative relationship
with PM1o became stronger after controlling for precipitation and soil moisture (partial » = -0.62, P < 0.001). These results
suggest that vegetation greening in northwest China is not solely driven by hydroclimatic variability and is likely associated
with ecological restoration and land management activities. Vegetation mitigates dust emission via canopy interception,
increased surface roughness and root-induced soil consolidation (Liu et al., 2020; Zhou et al., 2025a). After decades of
ecological restoration, spring NDVI over key dust sources such as the Taklimakan Desert still ranges only from 0.05 to 0.07,
which is far below the effective suppression threshold of 0.13 (Fig. 3H, Fig. 4D). In the meantime, the intensified and
southward-displaced Mongolian cyclone has greatly strengthened near-surface winds, especially over downwind regions
including the Alxa Plateau and Hexi Corridor. Such strong wind forcing overwhelms the weak inhibitory effects of existing
vegetation and soil moisture (Fig. 1A-D). Accordingly, large-scale ecological projects such as the Three-North Shelterbelt
Program need to be further promoted, with priority given to areas where NDVI values are below the effective dust

suppression threshold.

3.5 Pathways and future impacts of Mongolian cyclone forcing on dust activity

To quantify the pathways through which Mongolian cyclone anomalies affect dust activity, a random forest model was used
to evaluate the relative importance of meteorological and land-surface factors that are directly or indirectly linked to cyclone
variability (Fig. S7A). In the Taklimakan Desert (R* = 0.87), wind speed was the dominant factor (0.67; Fig. 5A). In the Alxa
Plateau (R?> = 0.83; Fig. 5B) and Mu Us Sandy Land (R?> = 0.79; Fig. 5C), wind speed remained dominant (0.66 and 0.64).
Compared with the Taklimakan Desert, the contributions of precipitation and Pressure Gradient Index (PGI) were
substantially larger in the Alxa Plateau and Mu Us Sandy Land (precipitation: 0.03 and 0.22 and 0.22; PGI: 0.03, 0.08 and
0.06), while NDVI contributed less (0.23, 0.03 and 0.04). Soil moisture showed minimal regional variation (0.04, 0.02 and
0.03). In the surrounding urban areas (Taklimakan: R> = 0.77, Fig. S7B; Alxa: R?> = 0.78, Fig. S7C; Mu Us: R?> = 0.67, Fig.
S7D), HAI was introduced. In the Taklimakan periphery, wind speed and PGI remained largely unchanged (0.59 and 0.09).
In the Alxa and Mu Us peripheries, wind speed decreased markedly (both 0.25), while PGI increased significantly (0.37 and
0.38). Precipitation, soil moisture, and NDVI showed minor changes, and HAI contributed the least (0.07-0.10).

13



355

360

365

370

https://doi.org/10.5194/egusphere-2026-3940
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Fig. 5: (A-C) Relative contributions of various factors to PMio concentrations in the Taklimakan Desert, Alxa Plateau, and Mu Us
Sandy Land, respectively. (D-F) Predicted future PMio concentrations in cities surrounding the Taklimakan Desert, Alxa Plateau,
and Mu Us Sandy Land, respectively.

Wind speed is the primary dust driver through dynamical forcing by the enhanced southward-shifted Mongolian cyclone,
while precipitation, soil moisture, and vegetation act as secondary pathways. Despite no significant precipitation trend,
increased wind speed, decreased soil moisture, and vegetation below the 0.13 threshold jointly raised dust storm days with
spatial heterogeneity (Fig. 3B, D; Fig. 4B, D). Precipitation contributed only 3% in the hyper-arid Taklimakan, where NDVI
played a relatively important role (Aili et al., 2023). In contrast, precipitation contributed 22% in Alxa and Mu Us, where
stronger cyclone influence weakened NDVTI's independent effect (Elshora et al., 2024; Xie et al., 2025). In urban areas, wind
contribution declined while PGI rose, indicating enhanced regional transport. These factors interact via land-atmosphere
coupling (Filonchyk et al., 2024; Zhou et al., 2024), but seasonal decoupling between wind and rain limits mitigation,
sustaining dry-season dust storms (Okin, 2022; Tan et al., 2025).

Based on historical data, CMIP6 future scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5) were used to project PMio concentrations
for 20262100 (Fig. 5SD-F). The results indicate an increasing trend in all three regions, with the largest increase in the
Taklimakan Desert (231.6%—-241.0%, Fig. 5D), followed by the Alxa Plateau (134.8%—135.3%, Fig. 5E), and the smallest
increase in the Mu Us Sandy Land (27.0%-28.4%, Fig. 5F). These differences are mainly associated with vegetation changes,
as vegetation cover increases by 18.34% in the Alxa Plateau and 39.64% in the Mu Us Sandy Land, partially mitigating the
rise in PMjo. Under different emission scenarios, PMo under SSP5-8.5 is slightly higher than under SSP1-2.6 and SSP2-4.5,
but the differences are small (<3%), indicating that PMio in northwestern China is relatively low sensitivity to emission

pathways and is primarily controlled by climate-driven increases in wind speed and soil drying.
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Our results differ from Zhao et al. (Zhao et al., 2023), who projected a future decline in dust activity (0.8%—11.9%), mainly
due to differences in seasonal focus and the influence of the Mongolian cyclone. While Zhao et al. (Zhao et al., 2023)
analyzed annual mean changes, our study focuses on spring, the peak dust season, and reveals increasing wind speeds that

375 are masked in annual averages. Spring wind speed increased by 33.08% in the Taklimakan Desert and 15.61% in the Alxa
Plateau. Although vegetation increases in the Alxa Plateau and Mu Us Sandy Land partly mitigate PMio growth (Fu et al.,
2026), PMjo in northwest China remains weakly sensitive to emission pathways and is primarily controlled by climate-driven
strengthening of Mongolian cyclone activity, which enhances wind forcing and surface drying. As wind speed is the
dominant driver of dust activity, the projected PMio increase likely reflects stronger cyclone-related atmospheric forcing.

380 This highlights the Mongolian cyclone as a key large-scale driver of future dust activity in northwest China, supporting the
view that future dust trends are governed primarily by climate dynamics rather than emission pathways (Gan et al., 2026).
Based on the above results, a conceptual framework was developed to summarize the influence pathways of Mongolian
cyclone intensification on dust activity in northwest China (Fig. 6).
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385 Fig. 6: Schematic diagram illustrating the mechanisms linking intensified Mongolian cyclones to dust storm activities over
Northwest China ("+" represents promotion, and "-" represents inhibition).
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4 Conclusion

This study quantifies the intensification and southward shift of Mongolian cyclones since 2001 and explains their spatially
divergent impacts on dust activity across northwest China. Using multi-source observational data, random forest modeling,
and CMIP6 projections, we demonstrate that cyclone intensity increased from 94.84 x 107 s to 97.76 x 107 s! with a
southward displacement of 2.08° after 2019. Correspondingly, spring near surface wind speed (+17.38%) and DUCMASS
(+9.85%) rose markedly after 2019 in regions except the Taklimakan Desert, where wind speed increased by only 6.03% and
DUCMASS declined by 9.27%. Wind speed was the dominant control on dust activity (contribution > 0.60) with an
emission threshold of 4.63 m-s™'; precipitation, soil moisture, and NDVI acted as secondary modulators with suppression
thresholds of 144 mm, 0.12 m*-m, and 0.13, respectively. CMIP6 projects rising PMio through 2100, with < 3% difference
across emission scenarios.

The divergent responses are primarily governed by regional wind regimes. Regions such as the Alxa Plateau and the Hexi
Corridor, where northwesterly winds prevail, are more directly affected by cyclone forcing, whereas the Taklimakan Desert
is characterized by northeasterly winds and topographic shielding, resulting in dust activity being more strongly influenced
by local thermally driven circulations. This spatial heterogeneity demonstrates that the influence of Mongolian cyclones
depends not only on cyclone intensity but also on the coupling between large-scale circulation, regional wind regimes, and
topographic constraints.

Previous studies have mainly attributed the long-term decline in dust activity over northern China to weakened winds,
vegetation recovery, and other land-surface changes, while the Taklimakan Desert has often been regarded as the dominant
dust source. Our results indicate that these mechanisms alone cannot explain the post-2019 dust resurgence. Consistent with
our random forest attribution, wind speed explained more than 60% of the variance in dust activity, whereas land-surface
factors acted primarily as secondary modulators. Together, these results demonstrate that intensified Mongolian cyclones
represent the primary large-scale driver, whereas regional wind regimes and topographic constraints determine the
magnitude and even the direction of regional dust responses. By quantifying both the atmospheric forcing and the
corresponding emission thresholds, this study extends previous understanding of East Asian dust dynamics from qualitative
attribution toward process-based regional differentiation.

These findings provide new insight into the mechanisms controlling the atmospheric dust cycle under a changing climate.
They indicate that changes in large-scale atmospheric circulation may outweigh gradual land-surface changes in regulating
recent dust variability over East Asia. Consequently, Earth system and aerosol models should explicitly represent cyclone-
topography-wind interactions to improve simulations of dust emission, transport, radiative forcing, and dust-climate
feedbacks. The strong regional heterogeneity identified here also suggests that future dust mitigation and ecosystem
management should adopt region-specific rather than uniform strategies.

Although this study improves understanding of how intensified Mongolian cyclones influence dust activity, several

limitations remain, including the relatively short 2001-2025 record, the lack of numerical validation of the proposed
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mechanism, and uncertainties in ERAS5 soil moisture. Future coupled climate-dust modeling is needed to further test
causality and seasonal cyclone-dust interactions. Nevertheless, the consistency among multiple observational datasets,
machine-learning attribution, and CMIP6 projections increases confidence in the robustness of the proposed mechanism.

Overall, this study demonstrates that intensified Mongolian cyclones have emerged as a key regulator of recent dust
variability over northwestern China and highlights the importance of explicitly representing circulation-topography

interactions in future Earth system and aerosol models.
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