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Climate-driven dust intensification
over the Mongolian Gobi in early

| ]
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While dust activation has declined across most of East Asia over recent decades, springtime dust
storms have intensified over the Mongolian Gobi, suggesting a regionally distinct response to climate
change. This study focuses on March, the early stage of the dust season, when snow cover and land-
atmosphere interactions are particularly sensitive to climatic conditions. Using 24 years (2000-2023)
of multi-platform observations and ERA5 reanalysis, we show that increasing surface susceptibility
driven by snow loss and soil drying coincides in early spring with persistent baroclinic instability and
sustained upper-level thermal winds over this region. These atmospheric conditions, which are absent
over neighboring dust source areas, prevent the dynamical weakening typically associated with mid-
latitude warming. In contrast, over the Loess Plateau, reduced thermal winds act as a compensating
response that suppresses dust mobilization despite surface drying. As a result, the Mongolian

Gobi experiences an unmitigated climate penalty, where both land-surface drying and persistent
atmospheric circulation jointly amplify dust emissions under ongoing warming. Our findings reveal
how regional climate dynamics can fundamentally reshape dust-source activation in early spring across
East Asia under a warming climate.

Keywords Mongolian Gobi, Dust, Baroclinic instability, Snow cover

Dust storms are natural atmospheric phenomena with profound ecological, climatic, and socio-economic
consequences"?. In arid and semi-arid regions, these storms mobilize large quantities of mineral particles
that can travel long distances, affecting air quality, ecosystem health, and human well-being far beyond their
origins®—°. Although dust activation has generally declined across many East Asian deserts in recent decades®~,
the Mongolian Gobi, one of the largest dust source regions in Northeast Asia>!%13, has experienced a pronounced
intensification of early-springtime (particularly March) dust storms under ongoing climate warming (Fig. 1).
The region has undergone rapid surface warming'?, changes in precipitation regimes!*>-!7, and substantial snow
cover loss!®, all of which accelerate soil drying and increase the land surface’s susceptibility to wind erosion'.
These warming-induced surface changes impose a climate penalty, defined here as an amplification of land-
surface susceptibility to dust emission under a warming climate. Here, “surface susceptibility” refers to the set of
land-surface conditions (e.g., reduced snow cover, decreased soil moisture, and increased soil temperature) that
enhance the erodibility of the surface and favor dust emission. However, the atmospheric dynamical processes
governing whether this surface penalty is amplified or mitigated remain poorly understood.

Climate-induced Arctic amplification has weakened the meridional temperature gradient, leading to reduced
baroclinicity and weakened upper-level thermal winds across much of the mid-latitudes?®. This dynamical
response suppresses vertical wind shear and mechanical turbulence, partially offsetting the enhanced surface
susceptibility associated with warming. Such compensating effects have contributed to the observed decline in
dust activation over regions such as the Loess Plateau, where increased vegetation cover and weakened winds
jointly limit dust mobilization®’(Fig. S1).

However, the mid-latitude atmospheric response to climate change is not spatially uniform. Instead, it
reflects a climatic tug-of-war between Arctic amplification and subtropical warming. While Arctic warming
tends to weaken the jet stream and suppress baroclinic activity, subtropical warming can intensify upper-level
thermal winds and enhance wave activity?>?!. The Mongolian Gobi represents a distinct manifestation of this
competition. In recent decades, persistent baroclinic instability and sustained upper-level thermal winds over
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Fig. 1. Time series over 24 years (2000 —2023) of (a) snow cover (blue line) averaged over the Mongolian Gobi
using Terra-Modis data, (b) 2 m air temperature variations (red line) averaged over the same Mongolian Gobi

from ERA5, and (c) dust occurrence frequency (black line) from SYNOP observations at 15 sites.

this region have amplified rather than mitigated the surface climate penalty associated with snow loss and soil
drying. As a result, the region remains highly vulnerable to the combined effects of atmospheric instability and
land-surface aridification.

Although large-scale atmospheric dynamics are known to influence dust activation, most previous studies
have focused primarily on surface conditions or phenomenological descriptions of dust events. The roles of
springtime baroclinic instability and persistent upper-level winds in regulating dust emissions have not been
systematically quantified. Here, we develop a framework that explicitly links upper-level atmospheric circulation
to surface dust mobilization, demonstrating how large-scale atmospheric dynamics act together with land-
surface drying to produce a compound climate penalty on dust activation.

Using Surface Synoptic Observation (SYNOP), Terra Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite retrievals, and ECMWF Reanalysis v5 (ERA5) from 2000 to 2023, we examine the coupled
roles of surface conditions and atmospheric dynamics in driving March dust outbreaks over the Mongolian Gobi.
March represents the early stage of the East Asian dust season, when rapidly changing surface conditions allow
land-atmosphere coupling to strongly influence dust activation. This seasonal distinction reflects differences in
dominant controlling mechanisms between March and later spring months (April-May). Our results identify
this region as a climate-sensitive dust hotspot, where the interaction between persistent upper-level circulation
and progressive surface drying fundamentally reshapes dust-source behavior under continued warming.

Results and discussion
The Mongolian Gobi is warming rapidly, with an annual mean temperature increasing by about 0.15 °C/year,
one of the fastest rates of warming among East Asia’s major dust source regions?? (Fig. 1b) Notably, this warming
is particularly pronounced during early spring, especially in March, a critical transitional period when snow
cover, soil moisture, and surface wind conditions undergo rapid seasonal changes (Fig. 2). This study therefore
focuses on March, when snow cover retreat and soil exposure strongly modulate surface susceptibility to wind
erosion. During this early stage of the dust season, land-atmosphere coupling plays a particularly important role
in determining whether atmospheric dynamical forcing can trigger dust activation. In contrast, dust activation
later in spring (e.g., April) is more strongly influenced by large-scale circulation variability and synoptic weather
systems affecting the Mongolian Gobi, including modes such as the Arctic Oscillation. The Mongolian Gobi
typically retains substantial snow cover through March owing to its high-latitude location, which stabilizes the
land surface by shielding soil and suppressing wind erosion (Fig. S2). Recent warming has driven a sharp decline
in snow cover, particularly in central and northern areas, increasing the surface’s susceptibility to wind erosion
(Fig. 1). A strong positive correlation between snow cover and soil moisture (r = 0.61, p < 0.1) underscores the
role of snowmelt in sustaining springtime surface stability?>. Loss of snow cover also decreases surface albedo,
amplifying local warming and accelerating soil evaporation (Fig. 2, Fig. S3). Together, these processes establish a
positive feedback that intensifies surface desiccation and enhances dust-emission potential.

Dust activation has increased markedly since 2020, coinciding with warmer and drier surface conditions
(Fig. 1, green dashed box). A spatial analysis confirmed widespread enhancement of dust activation across the
Mongolian Gobi (Fig. S4). A significant negative correlation between snow cover and dust frequency (r = - 0.4,
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Fig. 2. Spatial distribution of linear trend in (a) 2 m air temperature ('C/year), (b) snow cover (%/year), (c)
soil temperature (C/year), and (d) soil moisture (m3 /m3 /year) over 24 years (2000 —2023), respectively.
Black dots indicate grid points where the trends are statistically significant (p <0.1).
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Fig. 3. Spatial distribution of the linear trend in March (2000-2023) of (a) the Eady Growth Rate (EGR), (b)
the Brunt-Vaisala frequency (N), and (c) vertical wind shear between 850 and 500 hPa over East Asia. Trends
are estimated using linear regression for each grid point. Dotted areas indicate regions where the trends are
statistically significant at the 90% confidence level (p <0.1). Rectangles denote the selected dust source regions
analyzed in this study.

p<0.1) further supports the role of snow-cover loss in driving dust mobilization (Fig. S5). However, snow-cover
changes alone do not fully account for the abrupt surge in dust activation observed since 2020.

While rising temperatures and declining snow cover increase surface susceptibility to dust emissions,
atmospheric dynamics provide the necessary triggering mechanism for dust uplift and transport?*-2°. Adequate
wind intensity and atmospheric instability are required to initiate dust uplift and sustain long-range transport.
Thus, thermal factors primarily establish dust-prone surface conditions, whereas dynamic factors such as wind
speed and atmospheric instability control the actual release and movement of dust particles.

We quantified baroclinic instability using the Eady Growth Rate (EGR), which incorporates vertical wind
shear and atmospheric stability?’. The Loess Plateau exhibited a significant decreasing trend in March EGR
from 2000 to 2023, whereas the Mongolian Gobi showed no such decline and instead exhibited an increasing
trend (Fig. 3). This contrast indicates that, unlike the Loess Plateau, the Mongolian Gobi lacks a compensating
atmospheric weakening that would otherwise suppress dust activation. Consequently, persistent baroclinic
instability acts in concert with surface drying to intensify the compound climate penalty.
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This finding distinguishes the Mongolian Gobi from other major dust source regions in East Asia and
highlights the persistence of a unique dynamical environment in recent decades. The contrasting regional
behavior can be understood by examining the two components of the EGR. In both the Mongolian Gobi and
the Loess Plateau, a weakening tendency in the Brunt-Viisild frequency (N) associated with lower-tropospheric
heating was observed; however, this trend did not reach statistical significance over the full period from 2000
to 2023. Thermodynamic stabilization alone therefore cannot explain the divergent evolution of baroclinic
instability between the two regions. Instead, the dominant difference arises from vertical wind shear. Over the
Mongolian Gobi, vertical wind shear is not statistically significant, indicating the persistence of a baroclinic
environment that continues to support strong synoptic-scale circulation (Figs. 3 and 4). In contrast, the Loess
Plateau experienced a pronounced weakening of vertical wind shear, driven primarily by a substantial reduction
in 500 hPa upper-level winds (Figs. S5, S6), associated with the decline in EGR. This pattern is consistent with
the thermal wind relationship linking upper-level winds and vertical wind shear in baroclinic systems.

The weakening of upper-level winds over the Loess Plateau can be attributed to a reduction in the meridional
gradient of 500 hPa geopotential height. Specifically, as shown in the latitudinal profile of temperature trends
(Fig. S7), the warming rate increases sharply with latitude up to approximately 45°N. For Loess Plateau (located
south of this peak), this northward-increasing warming trend effectively reduces the south to north temperature
gradient, thereby diminishing the thermal wind and associated vertical wind shear (Fig. 5). Latitudinal contrasts
in upper-level winds further support this interpretation. While the Loess Plateau sits on the “upslope” of the
warming trend where gradients are suppressed, the Mongolian Gobi (42°N-48°N) encompasses the peak
and the subsequent northward decline of the warming trend. This spatial distribution allows the Mongolian
Gobi to maintain a robust meridional gradient, sustaining the dynamical forcing required for strong winds.
Consequently, upper-level wind speeds weakened in the mid-latitudes but strengthened over the higher-latitude
sector (Fig. S7), contributing to the contrasting evolution of baroclinic instability between regions (Fig. 6).

Since 2020, springtime EGR and near-surface wind speeds have increased over the Mongolian Gobi, with
a strong positive correlation between EGR and 10-m wind speed (r=0.56, p <0.05), indicating that enhanced
baroclinic instability promotes atmospheric conditions favorable for dust uplift (Fig. S8). However, despite
similarly elevated EGR values during 2004, 2010, and 2013, dust occurrence frequency remained relatively low,
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Fig. 4. Time series of March mean (a) Eady Growth Rate (EGR) and (b) vertical wind shear averaged over
the Mongolian Gobi (95-110°E, 42-48°N; black) and Loess Plateau (105-113°E, 34-38°N; green) regions
during 2000-2023. Solid lines with markers denote annual regional means, while dashes lines indicate the
corresponding linear trends.
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Fig. 5. Spatial distribution of the linear trends in (a) 500 hPa geopotential height and (b) 500 hPa temperature
during March over the period 2000-2023. Dotted areas denote regions where trends are statistically significant
at the 90% confidence level (p <0.1). Rectangles mark the Mongolian Gobi and Loess Plateau regions analyzed
in this study.
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Fig. 6. Latitude-cross section of the linear trend in the Eady Growth rate (EGR), averaged longitudinally over
90-120°E during March for the period 2000-2023. Positive (negative) EGR trends are shaded in red (blue),
with the black curve indicating the zonal mean trend profile. The green and brown shaded bands denote the
latitude ranges corresponding the Loess Plateau (34-38°N) and the Mongolian Gobi (42-48°N), respectively.

likely owing to the suppressive effects of extensive snow cover and moist soil conditions during those years.
This contrast demonstrates that atmospheric instability alone is insufficient to initiate dust activation without
concurrent surface drying, highlighting the critical role of land-atmosphere coupling.

Together, snow-cover loss and persistent baroclinic instability explain the recent amplification of dust
activation under a compound climate penalty. Snow-cover reduction is therefore a key driver of enhanced
March dust activation over the Mongolian Gobi, with warming-induced soil drying and sustained atmospheric
instability jointly amplifying dust emissions, particularly since 2020. Unlike other East Asian dust regions,
the Mongolian Gobi lacks a mitigating dynamical response, leaving it uniquely vulnerable to intensified dust
activation.

This process reflects a broader weakening of the mid-latitude north-south temperature gradient under
accelerated warming, which reduces the dynamical forcing for strong upper-level winds. Such a weakening is a
robust consequence of Arctic amplification, which preferentially warms high latitudes and erodes the meridional
thermal contrast that sustains the mid-latitude jet stream. As a result, baroclinicity and upper-level thermal
winds tend to weaken across much of the mid-latitudes, suppressing the atmospheric disturbances that would
otherwise promote dust uplift.

However, this weakening is not spatially uniform. Subtropical and lower-latitude warming can enhance
upper-tropospheric temperature gradients and wave activity, producing a competing influence that can locally
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sustain or intensify upper-level winds. The Mongolian Gobi lies near the transition zone of this climatic tug-
of-war between Arctic amplification and subtropical warming. In this region, the strengthening influence of
subtropical warming offsets the weakening associated with Arctic amplification, allowing vertical wind shear
and baroclinic instability to be maintained or even enhanced despite overall mid-latitude warming?.

This spatially heterogeneous response explains the contrasting evolution of dust-favorable dynamics between
the Mongolian Gobi and the Loess Plateau. Over the Loess Plateau, the weakening of the meridional temperature
gradient dominates, leading to reduced thermal winds, declining vertical wind shear, and a systematic decrease
in baroclinic instability. Over the Mongolian Gobi, by contrast, the competing influence of subtropical warming
preserves upper-level flow and sustains baroclinic disturbances, preventing the atmospheric compensation that
suppresses dust activation elsewhere.

Consequently, the Mongolian Gobi experiences a fundamentally different dynamical response to climate
warming: rather than a weakening of dust-mobilizing winds, the region retains a circulation regime capable
of amplifying surface drying into intensified dust emissions. This dynamical asymmetry provides a physically
consistent explanation for why the Mongolian Gobi has diverged from broader East Asian dust trends under
ongoing climate change. To further refine the physical mechanisms identified in this observational framework,
future research utilizing numerical model sensitivity experiments would be beneficial to isolate and quantify the
individual contributions of surface and atmospheric drivers under various climate scenarios.

Methods

SYNOP observation data

Dust occurrence frequency was derived from Surface Synoptic Observation present weather observations
reported to the World Meteorological Organization (WMO)®. We used present weather code 07, which
indicates: “Dust or sand raised by wind at or near the station at the time of observation, but no well-developed
dust whirl(s) or dust storm observed” Unlike other dust-related weather codes that may include advected or
transported dust, code 07 is uniquely suited for detecting local dust emissions at the observation site3-32,

We utilized SYNOP data from major dust source stations, 15 of which were located in the Mongolian Gobi
and 21 stations were situated over the Loess Plateau. March data for the period 2000 to 2023 were analyzed. To
ensure data reliability, only stations with at least six observations per day during the month were included in the
analysis. For each year, dust frequency was calculated as the ratio of the number of code 07 reports to the total
number of available observations at each site. This method allowed for a consistent, spatially and temporally
comparable assessment of local dust activation.

ERAS reanalysis data
To assess the thermal and dynamic atmospheric conditions associated with dust activation, we used ERA5
reanalysis data produced by the European Centre for Medium-Range Weather Forecasts (ECMWEF). ERA5
provides hourly global atmospheric data at a spatial resolution of approximately 0.25° (~ 31 km), with consistent
assimilation of satellite, in situ, and upper-air observations>>>4. From this dataset, we used 2-m air temperature,
10-m wind speed, soil temperature, and volumetric soil water content to evaluate the surface conditions that
influence dust emissions.

Additionally, atmospheric baroclinic instability was assessed using the Eady Growth Rate (EGR), a commonly
used diagnostic in mid-latitude meteorology that incorporates vertical wind shear and static stability. The EGR
quantifies the potential for the development of synoptic-scale disturbances and is expressed as

_ I oav
BGR=031x 1 x —

where f is the Coriolis parameter, dV/dz is the vertical wind shear between two pressure levels and N is the
Brunt-Vaisala frequency representing static stability.

In this study, EGR was calculated using zonal and meridional wind components at 850 and 500 hPa, capturing
the vertical shear across the lower troposphere, where baroclinic development is most active. Temperature and
geopotential height data at these levels were also used to calculate static stability. All variables were spatially
averaged over each study region to represent region-scale environmental conditions.

Terra-MODIS snow cover data

Snow cover data were obtained from the Terra Moderate Resolution Imaging Spectroradiometer, which provides
the daily snow cover fraction at a spatial resolution of 0.05°. We used the MOD10C1 Version 6.1 product, which
includes cloud-masked global snow cover estimates based on Normalized Difference Snow Index (NDSI)
thresholds and spectral reflectance. Snow cover percentages were spatially averaged over the Mongolian Gobi to
represent the regional-scale snow conditions relevant to dust activation. For quality assurance, only pixels flagged
as “snow” and free from cloud contamination were included in the analysis. Detailed algorithm information is
available in the official MODIS user guide.

Data availability

The ERAS5 reanalysis data are available from Copernicus Climate data store (surface: DOI: [10.24381/cds.
£17050d7] (https:/doi.org/10.24381/cds.f17050d7), vertical: DOI:  [10.24381/cds.6860a573]  (https:/doi.
org/10.24381/cds.6860a573)), and SYNOP observation data are available from Korea Meteorological Adminis-
tration ([https://apihub.kma.go.kr/](https:/apihub.kma.go.kr)). MODIS snow cover data is accessible from the
NASA National Snow and Ice Data Center Distributed active archive center ([https://doi.org/10.5067/MODIS/
MOD10CM.061](https:/doi.org/10.5067/MODIS/MOD10CM.061)).
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