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Abstract Transboundary dust storms, fueled by rampant desertification in Mongolia, pose a severe
environmental threat to hundreds of millions of people and to sustainable development across East Asia. While
ecological restoration is a recognized solution, its potential and cross-boundary benefits remain unquantified at
a policy-relevant scale. Here we show that even without large-scale interventions, 67.5% of Mongolia's territory
experienced a decrease in desertification severity from 2005 to 2023, yielding a net 23.0% reduction in spring
dust emissions by 2023. This natural improvement alone reduced the dust column mass density over North
China and Northeast China by 5.4% and 13.3%, respectively. If Mongolia had implemented proven ecological
restoration measures similar to those adopted in China's Inner Mongolia during the same period, spring dust
emissions could have been substantially reduced by 42.7%. This would in turn reduce spring dust pollution over
North China and Northeast China by 10.6% and 18.6%, respectively. Such findings provide rigorous, evidence-
based quantification that large-scale ecological restoration in Mongolia is not only a national imperative but also
a critical strategy for delivering substantial transboundary air quality co-benefits, underscoring the global value
of investing in sustainable land management.

Plain Language Summary Dust storms originating in Mongolia are a major environmental
challenge, affecting air quality and health for hundreds of millions of people across East Asia. Specifically, our
calculations show that 21.3% of the dust in North China and 41.2% in Northeast China originates from
Mongolia. This study measures how changes in desertification in Mongolia impact these cross-border dust
storms. We found that between 2005 and 2023, Mongolia's land naturally recovered, with desertification
becoming less severe across two-thirds of the country. This natural improvement reduced the amount of dust
released into the air by roughly 23%, leading to noticeably cleaner air in North and Northeast China. However,
we also calculated what could happen if more active steps were taken. If Mongolia adopted ecological
restoration methods similar to those already successful in China's Inner Mongolia, the positive impact would far
surpass that of natural recovery alone. Our analysis shows that spring dust emissions could drop by 42.7%.
Specifically, this measure would reduce dust pollution in North China by 10.6% and in Northeast China by
18.6%. These findings prove that investing in land restoration in Mongolia is not just a local benefit—it is a
powerful tool for improving air quality throughout the entire region.

1. Introduction

Desertification, one of the most serious global environmental challenges, affects about one-quarter of the Earth's
land area and one-fifth of the global population, threatening ecosystem stability and sustainable development
(Huang et al., 2020; Li, Yang, et al., 2025; UNCCD, 1994). Preventing and reversing land degradation is not only
the core objective of the United Nations Convention to Combat Desertification (UNCCD) but also a shared goal
of the United Nations Framework Convention on Climate Change (UNFCCC) and the Convention on Biological
Diversity (Maestre et al., 2025). Mongolia, in the arid belt of Central and East Asia, suffers severe desertification
over more than three-quarters of its territory, making it a key and challenging region for global desertification
prevention and control (Burrell et al., 2020; UNCCD, 2022). As a major dust source region in East Asia,
Mongolia's severe land degradation has not only disrupted the local ecological balance but also exerted substantial
impacts on the atmospheric environment of downwind countries (Chen et al., 2023, 2024; Piao et al., 2023).
Confronted with this transboundary ecological challenge, regional collaborative governance has become an ur-
gent necessity (Wang et al., 2025). Quantitatively elucidating the specific contribution of desertification in
Mongolia to dust storms in China and its transboundary transport mechanisms is not only an urgent scientific
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issue to be addressed but also a critical scientific foundation for strengthening China—Mongolia cooperation in
environmental governance and ecological security.

Ecological restoration represents the most effective strategy for combating desertification and mitigating dust
emissions (Guan & Huang, 2024; Islam et al., 2025; Xu et al., 2022). Regional modeling indicates that desert-
ification improvements driven by ecological restoration can reduce dust emissions by more than 40% (Zhou
et al., 2020). To address increasingly severe land degradation, Mongolia launched the “1 Billion Trees” initiative
in 2021, drawing on the desertification control experience from China's Inner Mongolia (Xinhua, 2024). How-
ever, although existing studies have revealed the potential of ecological restoration in reducing dust emissions,
most research has focused on local or regional scales, with limited attention to its transboundary effects. The lack
of quantitative assessment of its cross-border benefits hampers the mobilization of adequate international political
will, financial resources, and targeted cooperation, potentially undermining the scale and effectiveness of pro-
posed solutions.

To this end, we rigorously evaluated the sensitivity of northern China's dust storms to desertification changes in
Mongolia by comparing two divergent pathways from 2005 to 2023: the observed historical trend and a modeled
scenario of widespread ecological restoration. Our approach integrates reliable satellite observations with well-
established atmospheric chemical models. For the restoration scenario, we adopt Inner Mongolia of China—a
region sharing key ecological and climatic traits with Mongolia that has successfully implemented large-scale
restoration—as a plausible model (Chan et al., 2023; Guo et al., 2021; Wang et al., 2023; Xu et al., 2024).
This framework provides critical insights into the transboundary effects of land management and pinpoints the
substantial potential of coordinated action in combating regional dust storms.

2. Data and Methods
2.1. Data Source

The initial and lateral boundary conditions for the WRF-Chem simulations were derived from the Final Oper-
ational Global Analysis (FNL) reanalysis data set, provided by the National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Research (NCAR), with a spatial resolution of 1° X 1° and a
temporal resolution of 6 hr. The MODIS MOD13C2 product was used to extract both Normalized Difference
Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), while the MODIS MOD15A2H and MCD43C3
products provided Leaf Area Index (LAI) and albedo, respectively (Didan, 2021; Myneni et al., 2021; Schaaf &
Wang, 2021). All data sets were resampled to a uniform 0.05° spatial resolution using bilinear interpolation and
aggregated into monthly averages. These data sets were incorporated into the WRF-Chem model to update land
surface conditions, thereby enabling an assessment of the impact of desertification on dust intensity. In addition,
these data sets were used to characterize the desertification status in Mongolia and to construct the Desertification
Difference Index (DDI) for evaluating its spatiotemporal patterns and long-term trends.

Hourly PM,, concentration data from the National Air Quality Real-time Release Platform, maintained by the
China National Environmental Monitoring Center, together with dust column mass density data from the Modern-
Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2), were used to characterize dust
pollution and validate the model simulations. In addition, the MODIS Aerosol Optical Depth (AOD) product
(MCD19A2CMG) was employed to evaluate the simulated atmospheric dust loading. To ensure a rigorous
comparison, we extracted the “pure dust” AOD component from the raw MODIS data using the ratio of dust AOD
to total AOD from MERRA-2. The ERAS hourly reanalysis data set from the European Center for Medium-
Range Weather Forecasts (ECMWF) was employed to capture the large-scale meteorological conditions asso-
ciated with dust storms (Hersbach et al., 2020). Dust emissions data from the MERRA-2 data set were further used
to identify and delineate the source regions of dust outbreaks (Gelaro et al., 2017).

2.2. Desertification Difference Index (DDI) Construction

The DDI assesses desertification severity by leveraging the inverse relationship between surface albedo and
vegetation indices within the albedo-vegetation index feature space (Guo et al., 2022; Liu et al., 2020). Regions
with high albedo and low vegetation indices are dominated by extensive bare surfaces and sparse vegetation,
indicating higher desertification severity.
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Figure 1. Spatial distribution of land use types in the study area. The red rectangle outlines the model simulation domain used
in WRF experiments.

To determine the optimal vegetation index (VI) for DDI calculation in Mongolia, we conducted linear regressions
between annual minimum albedo composites and annual maximum VI composites (NDVI, EVI, LAI) for 2005—
2023, using data from 100 fixed randomly sampled locations. Before calculation, both the VI and albedo values
were normalized to a range of 0—1 to ensure they are on the same scale. The VI yielding the strongest linear
relationship was selected for subsequent analysis. The DDI was then calculated for each spatiotemporal unit using
the formula:

DDI = (—1/a) x VI — Albedo (1)

where a is the slope and VI is the vegetation index from the selected optimal regression. Higher DDI values
indicate lower desertification severity.

Mongolian desertification levels were classified based on computed DDI values using the Jenks natural breaks
method (Jenks, 1963). Classification accuracy was evaluated by visually interpreting the degree of desertification
using high-resolution true-color Google Earth imagery for 100 randomly selected points, followed by the con-
struction of a confusion matrix (Meng et al., 2021; Zhang et al., 2018).

2.3. Model Description and Experimental Design

This study employs the WRF-Chem model to examine the influence of desertification changes in Mongolia on the
spring 2023 dust transport affecting China (Grell et al., 2005). The simulation employed a single domain covering
nearly all of East Asia (Figure 1). The domain configuration and key parameterizations of physics and chemistry
are shown in Table 1.

To assess the influence of actual desertification changes in Mongolia on dust storm intensity in China, and to
evaluate the potential impact of implementing effective ecological restoration projects in Mongolia, we designed
three sets of numerical experiments. All experiments used monthly land surface parameters, consistent with the
temporal resolution at which WRF-Chem updates these variables. All modifications were strictly confined to the
territory of Mongolia, and the modified model variables included GREENFRAC (based on NDVI, representing

QIU ET AL.

30of 15

858017 SUOWLWIOD 8A1e81D) 8|qeot|dde 8Ly Aq peusenob afe sejonfe YO ‘88N JO S3INJ 0§ Akeiq18uljUO /8|1 UO (SUORIPUOD-pUR-SLLIBYLIOD" A 1M ARIq 1 BUI|UO//SdNL) SUORIPUOD PUe SWie | 38U} &8s *[9202/70/0€] Uo AriqiTauliuo A8|Im ‘Aisienun noyzue Aq S8T9Y0ArSZ0z/620T 0T/10p/Wod A8 1M Areiq1putjuosgndnBe//sdny wo. papeojumoq ‘2 ‘9202 ‘96686912



~1
A""l Journal of Geophysical Research: Atmospheres 10.1029/20251D046185
AND SPACE SCIENCES
Table 1
Physics and Chemistry Schemes Used in the WRF-Chem Model
WRF-chem v3.9.1 (Grell et al., 2005)
Simulation domains 1
Simulation period 1 March—1 June 2023
Spin up 22 February—28 February 2023
Central Point 105.0°E, 40.0°N
Domain size 120 x 100 cells (lon X lat)
Horizontal resolution 50 km
Vertical resolution 31 eta levels up to 50 hPa
Projection Mercator
Initial and boundary conditions FNL
Parameterizations Scheme Namelist variable Option
Physics
Microphysics WSMS (Hong et al., 2004) mp_physics 4
Radiation (long and shortwave) RRTMG (Iacono et al., 2008) ra_lw(sw)_physics 4
Surface model Noah (Ek et al., 2003) sf_surface_physics 2
Surface layer Monin-Obukhov (Monin & Obukhov, 1954) sf_sfclay_physics 1
Planetary boundary layer YSU (Hong et al., 2006) bl_pbl_physics 1
Cumulus parameterization Grell 3D (Grell & Dévényi, 2002) cu_physics 5
Chemistry
Chemistry GOCART coupled with RACM-KPP chem_opt 301
Dust emission Shao (2004) dust_opt/dust_schme 4/2
Aerosol Radiative feedbacks On aer_ra_feedback 1
vegetation coverage), LAI12M (monthly LAI), and Albedo12M (monthly surface albedo). The first experiment
(WRF_REAL) employed MODIS-based monthly land surface data from 2023 to represent the actual land surface
conditions in Mongolia. The second experiment (WRF_CTL) aimed to isolate the effects of long-term land
surface changes in Mongolia. This was achieved by removing the monthly linear trends of NDVI, LAI and albedo
from 2005 to 2023 at each grid point in Mongolia from the WRF_REAL inputs, thereby constructing a control
scenario that excluded these long-term changes. The third experiment (WRF_REST) simulated a hypothetical
scenario in which Mongolia undergoes vegetation restoration comparable to that observed in Inner Mongolia of
China. To construct this scenario, we calculated the monthly linear relative trends of NDVI, LAI, and surface
albedo from 2005 to 2023 for each land use type in Inner Mongolia of China (Table S1 in Supporting Infor-
mation S1). These type-specific relative change rates were then applied to the corresponding land use types in
Mongolia, using the WRF_CTL experiment as the baseline. By comparing WRF_REAL and WRF_CTL, we
quantified the impact of observed desertification changes (2005-2023). Comparison between WRF_REST and
WRF_CTL quantified the potential impact of large-scale ecological restoration. Corresponding spatial distri-
butions of these land surface parameters under the three scenarios are shown in Figure S1 of Supporting
Information S1.
Vegetation coverage data were derived from NDVI using a pixel-based binary model, a method validated by
numerous studies (Li et al., 2014; Song et al., 2022). The calculation formula is as follows:
NDVI]; — NDVI
GVE; = {5VT — NDVI. )
In this context, i represents a pixel, while NDVI; and NDVI, correspond to the NDVI values for completely bare
soil and fully vegetated pixels, respectively. In this study, NDVI, was set to 0.05, and NDVI, was set to 0.90.
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2.4. Quantification of Mongolia's Dust Contribution to Northern China

To quantify Mongolia's contribution to dust over northern China, we employed the Shao (2004) dust emission
scheme, in which the erodibility factor (EROD) defines the potential dust source regions. Two numerical ex-
periments were conducted. The first, referred to as WRF_REAL, represents the control simulation under actual
conditions. In the second experiment, all EROD values within the Mongolian territory were set to zero, effectively
suppressing dust emissions from Mongolia in the model. The difference in the simulated dust column mass
density between the two experiments is therefore attributed to dust originating from Mongolia.

2.5. HYSPLIT

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model was employed to simulate air
mass transport pathways and identify potential dust source regions (Draxler & Hess, 1998). As a Lagrangian
atmospheric transport model, HYSPLIT effectively simulates the movement, dispersion, and deposition of
aerosol particles in the atmosphere (Aciego et al., 2017; Dai et al., 2022; Uno et al., 2009; Yang et al., 2022). In
this study, 36-hr backward trajectories were calculated at hourly intervals throughout the spring season (March—
May) of 2023, using meteorological fields from the Global Data Assimilation System (GDAS) with a spatial
resolution of 0.5° X 0.5°. Trajectories were initialized at 500 m above ground level for three representative re-
ceptor cities—Beijing (North China), Lanzhou (Northwest China), and Shenyang (Northeast China)—to facilitate
region-specific identification of dust source areas.

To quantify the spatial contributions of dust sources, the Concentration-Weighted Trajectory (CWT) method was
applied (Guan et al., 2019). For each grid cell (i, j), the CWT value (Wij) was calculated as

W, = ZkN:zé Citije 3)

Dkt Tijk
where N is the total number of trajectories, C; is the PM,, concentration associated with trajectory k, and z; is the
residence time of trajectory k in grid cell (i, j). To reduce statistical uncertainties arising from a small number of
endpoints, a weighting function w(n,;) was applied based on the average number of endpoints per cell (avg): 1.00
(n; > 3avg), 0.70 (2avg < n; < 3avg), 0.42 (avg < n; < 2avg), and 0.17 (n; < avg) (Polissar et al., 2001).
Crucially, to ensure physical realism, we integrated a NDVI-based mask (springtime NDVI <0.12) and excluded
water bodies using GIS data sets (Chen et al., 2024; Zhang et al., 2024). By applying this physical constraint, we
filtered non-erodible regions and more accurately pinpointed the potential dust sources for representative cities
across different regions of northern China.

3. Results
3.1. Mongolia Is the Dominant Transboundary Source of Severe Dust Pollution in Northern China

The spring of 2023 witnessed exceptional dust storm activity, with 13 major events affecting northern China.
During seven of these episodes, PM,, concentrations exceeded 1,000 jig m™ across multiple monitoring stations
(Figure 2a). Across Northwest and North China, seasonal mean PM,, concentrations widely exceeded

120 pg m ™3, substantially surpassing the World Health Organization guideline value of 45 ug m~>. Furthermore,
more than 80% of monitoring stations recorded over 20 days with daily PM,, concentrations exceeding
150 pg m™, while specific hotspots—including southern Xinjiang, the Hexi Corridor, and western Inner

Mongolia of China—experienced more than 30 such days (Figure 2c).

Due to severe desertification, Mongolia has become a major transboundary source of dust affecting North and
Northeast China. MERRA-2 dust emission data indicate that strong surface winds over the desertified regions of
Mongolia generated substantial dust emissions, which were transported by upper-level northwesterly winds to-
ward North and Northeast China (Figures 2d and 2e). Concentration-Weighted Trajectory results further
demonstrate that air masses passing over these desertified regions in Mongolia are highly associated with elevated
PM,,, concentrations in Beijing (representing North China) and Shenyang (representing Northeast China). As
shown in Figure 3, high-intensity source areas (CWT > 80 pg/m®) are concentrated in the Mongolian Gobi, which
accounts for a spatial contribution of CWT of 62.0% and 72.9% for Beijing and Shenyang, respectively. In
contrast, for Lanzhou (representing Northwest China), the high-contribution source areas are clearly located in
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Figure 2. Dust analysis during the spring of 2023. (a) Time series of hourly PM,, concentrations observed at monitoring
stations near major provincial capitals in northern China. The blue line represents the average PM,, concentration across 11
stations. (b) Spring-mean dust column mass density based on MERRA-2 data. (c) Spring-mean PM,, concentrations; the size
of each point represents the number of days with daily average PM,, concentrations exceeding 150 pg/m>. (d) Spring-mean
dust emission fluxes derived from MERRA-2. (¢) Spring-mean geopotential height and wind vectors at 700 hPa based on
ERAS data.

domestic deserts such as the Tengger and Badain Jaran, and the impact of Mongolian sources on Northwest China
is much smaller.

Crucially, model simulations quantified Mongolia's contribution to dust in North and Northeast China, indicating
that 21.3% and 41.2% of the dust in these regions, respectively, originate from Mongolia, highlighting its sub-
stantial role in the regional dust burden. By contrast, the impact of Mongolia on Northwest China was much
smaller, with only 4.9% of the dust originating from Mongolia (Figure 4).

3.2. Desertification Dynamics in Mongolia Modulate Dust Emission Potential

To evaluate changes in dust source conditions in Mongolia, we constructed a DDI based on the feature space
defined by the Normalized Difference Vegetation Index (NDVI, identified as the optimal vegetation index) and
surface albedo (Figure S2 in Supporting Information S1; Figure 5b). Following the calculation of DDI, the
desertification status across Mongolia was classified into five levels—non-desertification, slight desertification,
medium desertification, serious desertification, and extremely serious desertification—using the Natural Breaks
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Figure 3. Identification of potential dust source regions for representative receptor sites across different regions. (a—c) Spatial
distribution of the Concentration-Weighted Trajectory (CWT) for (a) Beijing, (b) Shenyang, and (c) Lanzhou during the
spring of 2023. The CWT values represent the average PM, , concentration at the receptor site when air masses pass through a
specific grid cell. A physical constraint was applied using an NDVI mask (NDVI <0.12) to isolate active dust sources and
exclude non-dust-emitting surfaces. (d) Percentage spatial contribution of CWT from Mongolia (red), China (orange), and
other regions (gray) for the three representative cities. Red stars on the maps indicate the geographical locations of the
receptor sites.

(Jenks) classification method (Table 2) (Jenks, 1963). Validation against high-resolution imagery confirmed
robust classification accuracy (Overall Accuracy = 93%, Kappa = 0.91; Figure S3 and Table S2 in Supporting
Information S1).

The DDI was used to assess the spatiotemporal trends of desertification in Mongolia. At the national scale, a
significant upward trend in mean DDI was observed during 2005-2023 (p < 0.05), indicating a moderate overall
alleviation of desertification severity (Figure 5d). Spatially, the trends exhibited significant heterogeneity. While
67.5% of Mongolia's territory showed widespread improvement in desertification conditions, areas of continued
degradation still existed in the southwestern and western regions.

Despite overall improvements, desertification in Mongolia remains severe because of the historically extensive
land degradation. As of 2023, more than 70% of Mongolia's land area was affected by moderate or higher levels of
desertification, with over 50% classified as severely or extremely desertified. Spatially, the severity of deserti-
fication in Mongolia increases from the northeast to the southwest, with the southern regions bordering China
experiencing particularly severe desertification (Figure 5¢). Such widespread and severe desertification results in
extremely sparse vegetation and extensive exposure of loose sandy soils, creating highly favorable conditions for
dust entrainment. Under strong wind events, these surface materials are readily mobilized into the atmosphere and
subsequently transported by upper-level flows into North and Northeast China, contributing to frequent and
intense springtime dust events.

3.3. Ecological Restoration in Mongolia Can Yield Substantial Transboundary Air Quality Benefits

An accurate and reliable regional climate model is a prerequisite for investigating the sensitivity of dust in
northern China to desertification changes in Mongolia. In this study, the reliability of the WRF-Chem model was
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Figure 4. Contribution of dust from Mongolia to dust loading over different regions of China. (a) Spatial distribution of dust originating from Mongolia (mg m™2).
(b) Contribution rate of Mongolian dust to total dust concentrations across China (%). (c) Distribution of Mongolian dust contribution over Northwest, North, and
Northeast China, where dust from Mongolia accounts for 4.9%, 21.3%, and 41.2% of the regional mean dust loading, respectively.

confirmed through multi-dimensional validation. First, the model accurately identified the Gobi and Taklamakan
Deserts as the two primary source regions, with emission patterns highly consistent with MERRA-2 data
(Figure 2d; Figure S4a in Supporting Information S1). Second, the model effectively captured the spatial dis-
tribution characteristics of surface PM,, concentrations (r = 0.50, p < 0.01; Figure S4b in Supporting Infor-
mation S1). Furthermore, the simulated dust AOD showed high spatial consistency with MODIS-derived pure
dust AOD (r=0.61, p < 0.01; Figures S4c—S4e in Supporting Information S1). Combined with the simulated dust
column mass density (Figure 6a), whose dust belt distribution is highly consistent with that in MERRA-2
(Figure 2b), these results reflect the model's robust capability in characterizing atmospheric column loading
and regional transport processes. Therefore, the WRF-Chem model is suitable for assessing the impacts of
desertification changes in Mongolia on dust over northern China.

The comparison between WRF_REAL and WRF_CTL quantitatively reveals the net dust effect of desertification
changes in Mongolia during the period from 2005 to 2023. The results show that, although dust emissions
increased in localized areas of western Mongolia due to desertification degradation, the substantial emission
reductions in restoration regions dominated the overall trend, resulting in a net decrease of 23% in Mongolia's
total dust emissions. This led to a significant reduction in dust column mass density over downwind regions, with
decreases of 5.4% in North China and 13.3% in Northeast China (Figures 6b and 6c¢).
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Figure 5. Spatial distribution and trend of desertification in Mongolia. (a) Albedo-Vegetation index feature space. (b) Linear
fitting results between normalized NDVI and normalized Albedo, with point colors representing desertification levels.

(c) Spatial distribution of desertification in Mongolia in 2023, with red points on the top-left map indicating random sampling
points used for constructing the Desertification Difference Index. (d) Trends in desertification in Mongolia from 2005 to
2023, with the inset in the top-left corner showing the regional average time series.

In contrast to the slower and spatially uneven recovery in Mongolia, China's Inner Mongolia has achieved faster

and more widespread restoration through large-scale ecological rehabilitation efforts (Figure 7, Table S1 in
Supporting Information S1). The comparison between WRF_REST and WRF_CTL simulates the potential

outcome if Mongolia were to achieve vegetation restoration at a rate comparable to that of Inner Mongolia of

China. Under this scenario, Mongolia's total dust emissions would be reduced by 42.7% (Figure 6f). As a result,
the downwind dust column mass density over China would decline substantially, with reductions of 10.6% in
North China and 18.6% in Northeast China (Figures 6b and 6e). These gains substantially exceed those observed
under the recent natural and uneven recovery, underscoring the significant potential of coordinated ecological
restoration for regional dust mitigation.

Table 2
Classification of Desertification Types Based on Desertification Difference Index Values and Analysis of Their Change
Trends

DDI classification criteria

DDI trend analysis

DDI range

Type of desertification

DDI trend

Desertification change

<0.437
0.438-1.07
1.071-1.703
1.704-2.32
>2.321

Serious desertification
Medium desertification
Slight desertification

Non-desertification

Extremely serious desertification

Trend < —0.003 and p < 0.05
Trend<—0.003 and p > 0.05

—0.003 < Trend < 0.003

Trend > 0.003 and p > 0.05
Trend > 0.003 and p < 0.05

Significant degradation
Degradation

Minor change
Improvement

Significant improvement
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Figure 6. Impacts of desertification changes in Mongolia on spring 2023 dust column mass density over China. (a) Spring
2023 mean dust column mass density simulated using the WRF-Chem model. (b) Changes in dust column mass density over
northern China under two desertification scenarios. Change rates are expressed as percentage variations in regional mean
dust column mass density. (c, d) Impacts of desertification changes in Mongolia from 2005 to 2023 on spring 2023 dust
column mass density and dust emission fluxes. (e, f) Changes in dust column mass density and dust emission fluxes under a
scenario where vegetation in Mongolia grows at the same rate as observed in Inner Mongolia of China.

4. Conclusions and Discussion

Our study provides a quantitative and policy-relevant assessment of the transboundary air quality benefits
stemming from desertification control in Mongolia. By integrating observational analysis, satellite-based
desertification monitoring, and atmospheric chemistry modeling, we establish that Mongolia is among the
principal sources of severe spring dust pollution affecting northern China. Crucially, we demonstrate that the
observed net reduction in desertification severity over the past two decades has already yielded measurable air
quality improvements downwind. Most importantly, our modeling reveals a substantial unrealized potential for
dust suppression through ecological restoration, a capacity clearly demonstrated by the diverging dust-source
dynamics across the border. Since the early 2000s, Inner Mongolia of China has achieved rapid human-driven
recovery through large-scale initiatives such as the “Beijing-Tianjin Sandstorm Source Control Project.” By
employing proven measures—including mechanical sand-fixation with straw checkerboards, the planting of
drought-resistant shrubs, and strict grazing exclusion—these programs have successfully stabilized the land
surface and suppressed dust emissions (Li, Chen et al., 2025; Li et al., 2023). In contrast, Mongolia's recovery has
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Figure 7. Spring trends of NDVI, Leaf Area Index, and surface albedo over Mongolia (MN) and Inner Mongolia of China (IM) from 2005 to 2023 were derived from
MODIS products (specifically MOD13C2, MCD15A2H, and MCD43C3). Panels (a—c) present spatial trends expressed as change per decade, with inset bar charts
quantifying the percentage of area showing improved (solid bars) and significantly improved (shaded bars, p < 0.05) conditions. Panels (d—f) show interannual
variations of the corresponding variables for Inner Mongolia of China (green) and Mongolia (red), with dashed lines indicating linear regression trends. Asterisks denote
the statistical significance levels: p < 0.05 (*) and p < 0.01 (¥%).

been hindered by intensifying overgrazing and the absence of similar institutional interventions (Chan
et al., 2023). Our results suggest that implementing these same proven measures across Mongolia could nearly
double the current mitigation gains, reducing total dust emissions by over 40% and substantially alleviating
particulate pollution in the populous regions of North and Northeast China (Figure 8).

Our study identified Mongolia as an important source of extreme PM,, pollution events in North China and
Northeast China. While the contribution of the classic Gobi source has been widely recognized (Mu & Fie-
dler, 2025; Zhu & Liu, 2024), our trajectory analysis and model simulations distinctly highlight and quantify the
role of Mongolia's own degraded lands. Although satellite data show a national-scale overall improvement in
vegetation, our analysis reveals that severe desertification has persisted in critical southwestern regions of
Mongolia, with intensification observed in localized areas. Under the influence of strong winds, high-intensity
dust emissions from these severely desertified regions are transported along major pathways, thereby main-
taining high transboundary risks in downwind regions.

Due to the unique vertical stratification of dust transport in northern China, this transboundary risk poses a direct
and acute threat to human health in downwind regions. Specifically, dust from the Taklimakan Desert is
modulated by topography and travels primarily via high-altitude pathways, which mainly affects the total at-
mospheric column load (Chen et al., 2024; Feng et al., 2023). Meanwhile, other domestic dust sources in China
have seen significant environmental improvement under sustained large-scale ecological restoration, leading to a
continuous decline in dust emissions (Zhou et al., 2020). In contrast, land degradation in Mongolia remains severe
due to the long-term effects of overgrazing and a lack of institutional restoration efforts (Zhang et al., 2024).
Facilitated by frequent cyclonic activity and the absence of topographic barriers, Mongolian dust often invades
North and Northeast China rapidly via low-level pathways (Huo et al., 2025). During the spring of 2023, the
contribution of Mongolian sources to surface dust in North China exceeded 50%, a proportion far higher than their
relative share of the total atmospheric burden (Chen et al., 2024). Consequently, Mongolian dust poses a more
direct and acute threat to human health in northern China than dust from other source regions.

Our work moves beyond correlation to establish a causal chain from land management to downwind air quality.
The WRF-Chem simulations quantitatively attribute a net 23% reduction in Mongolia's spring dust emissions to
the observed desertification improvements between 2005 and 2023. This translated to a direct alleviation of dust
loading over northern China, providing the first model-based evidence that natural recovery and local conser-
vation efforts in Mongolia are already producing tangible cross-border co-benefits. Mongolia's current deserti-
fication reflects the 1930s U.S. Dust Bowl, which remains a benchmark for successfully reversing anthropogenic
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Figure 8. Impacts of different desertification change scenarios in Mongolia on dust column mass density over northern China.
The middle panel represents a baseline scenario in which desertification conditions remain unchanged from 2005 to 2023,
serving as a reference to assess the impacts of desertification changes. The left panel shows the actual desertification changes
that occurred in Mongolia from 2005 to 2023. The right panel illustrates an ecological restoration scenario, assuming that
Mongolia implements restoration measures similar to those adopted in Inner Mongolia of China. EMFLX represents surface
dust emission flux. Fractional vegetation cover, Leaf Area Index, and albedo represent spring mean values, and their change
rates indicate variations in these spring means.

land degradation through systemic intervention (Cook et al., 2009; McLeman et al., 2014). Historical precedents
confirm the feasibility of reversing systemic land degradation. Our findings demonstrate that ecological recovery
also generates substantial transboundary co-benefits. These results align with the global paradigm that sustainable
land management can deliver multiple ecosystem services beyond national borders (Meyfroidt et al., 2022).

The most significant implication of our study lies in the quantified potential of large-scale, coordinated ecological
restoration. The stark contrast between the dust reduction achieved under the recent uneven recovery (23%) and
the potential under a scenario modeled on Inner Mongolia of China success (42.7%) reveals a massive oppor-
tunity. Inner Mongolia of China experience demonstrates that targeted, large-scale interventions can achieve
faster and more extensive rehabilitation than the current pace of change in Mongolia (Chan et al., 2023; Guo
et al., 2021; Wang et al., 2023; Xu et al., 2024). The “1 Billion Trees” national campaign in Mongolia thus
represents a pivotal strategy not only for its domestic environmental security but also as a cornerstone for regional
air quality improvement. Our results suggest that the success of this and future initiatives could prevent a sig-
nificant portion of the spring dust pollution burden in northern China.

This study has certain limitations in its quantitative assessment. Specifically, the scope of research is limited to the
spring of 2023. Quantitative assessments derived from a single year are inherently background-dependent; as
such, they may not fully capture the full range of potential scenarios arising from the coupled fluctuations in
meteorological and underlying surface conditions. However, our 46-year statistical analysis confirms that the
transport pathways and source contribution shares in 2023 highly coincide with the regional long-term steady-
state pattern (Figure S5 and Text S1 in Supporting Information S1). Moreover, by employing detrending tech-
niques, we isolated the long-term ecological restoration signal from random annual anomalies in surface
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