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Howmuch do atmospheric depressions
and Mongolian cyclones contribute to
spring dust activities in East Asia?

Check for updates

Feifei Mu 1 & Stephanie Fiedler 1,2,3

Severe East Asian dust storms occur in spring due to dust-emitting winds in the Gobi Desert
associated with Mongolian cyclones. The present study performs the first quantitative assessment of
the contributions of Mongolian cyclones to springtime dust activity in East Asia, based on multiple
reanalyses and observational datasets for 2001–2022. Atmospheric depressions dominate dust
activities in Northern China, explaining ~90–92% of the total dust emissions in the Gobi Desert and
~88–93% of the dust aerosol optical depth (τ) downwind, depending on the dataset. Mongolian
cyclones, defined as long-living and mobile atmospheric depressions, explain almost half (~34–47%)
of the Gobi’s total dust emissions and τ downwind, and are the primary driver of high-impact dust
storms. The number of Mongolian cyclones, along with the dust activity, has decreased since 2001,
with a spatial pattern of the dust emission trend that is consistent with the northward shift of cyclone
tracks.

Natural aerosol emissions of desert-dust particles have a profound impact
on climate, air quality, and human health1–3. Originating mainly from the
Taklamakan Desert and the Gobi Desert, East Asia contributes approxi-
mately 11% of the global dust loading4. Dust aerosols affect the climate
through direct effects on radiative transfer, indirect effects by modifying
cloud properties, and atmospheric adjustments to the aerosol effects on
radiation and clouds5. The direct radiative effects of EastAsian dust aerosols
exhibit a seasonal variation with a maximum in spring, consistent with the
high frequency of dust storms6–8. Dust aerosols can also act as ice nucleating
particles affecting cloud microphysical processes9. In addition to climate
effects, dust aerosols contribute to poor air quality and impact human
health10,11. InEastAsia,millionsofpeople are affectedby the adverse impacts
of dust particles from the Gobi and Taklamakan deserts, since the popu-
lation is exposed to the transported particles during dust outbreaks12,13.
Multiple case studies suggest that high-impact dust outbreaks in East Asia
are driven by extra-tropical cyclones12,14–32, but quantitative estimates of the
relative contributions of cyclones to the total dust emission and transport in
East Asia do not exist.

Investigating the physical mechanisms of dust outbreaks in East Asia
can help to improve our understanding of dust aerosols and their changes,
which is needed to overcome thepersistent uncertainty for simulateddust in
climate models that do not reproduce the historical dust trend33. East Asia
has two major deserts, the Taklamakan and the Gobi. Different meteor-
ological processes contribute to dust emission and affect the subsequent

atmospheric transport in the deserts. The Taklamakan Desert sees frequent
dust activity due to relatively small particle sizes and relatively low threshold
wind speeds for dust emissions (4.4 ± 0.6ms−1)34–36. Dust emissions in the
Taklamakan Desert are driven by multiple physical mechanisms, e.g., the
breakdownofNocturnal Low-Level Jets anddry convection in heat lows37,38.
Heat lows are atmospheric depressions that formunder the effects of intense
solar irradiation39. Owing to the topographic barrier at the edges of the
Taklamakan Desert, dust aerosols from this desert can only be transported
to populated areas in the East when the aerosols reach a height of at least
4 km a.g.l.40. Moreover, the eastward transport of the Taklamakan dust can
be limited, leading to high PM10 concentrations and low atmospheric vis-
ibility in the West of China, e.g., during the case in mid-March 202132.

Different from the Taklamakan Desert, the Gobi Desert has relatively
higher threshold wind speeds for dust emissions (9.8 ± 2.2 ms−1) and less
frequent dust emissions34,41. However, previous studies suggest that super
EastAsiandust stormsaremainly generated fromtheGobiDesert due to the
passage of Mongolian cyclones42,43. Mongolian cyclones form downstream
of the Altai-SayanMountains44, can lead to dust-emitting winds in the Gobi
Desert, and allow the subsequent transport of dust-laden air across East
Asia6,12,42.

Mongolian cyclones in spring as drivers of dust storms in East Asia
have been known for some time.Dust emission in theGobiDesert occurs in
the southwestern sector of a Mongolian cyclone42. In the southwestern
sector, the cold air from higher latitudes is advected in southern directions.
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The frequency and intensity of Mongolian cyclones decreased in spring
from 1979 to 201744. A weakening of the Mongolian cyclone intensity and
frequency is reported to be associatedwith theweakenedwesterly jet stream
and atmospheric baroclinicity in a warming world, leading to a decline of
dust storm events in Northern China45. Hence, also a decrease in the
associated dust storm frequency in spring from 1979 to 2021 is expected,
e.g., seen in in-situ observations of atmospheric visibility and ambient PM10

concentrations over China43. Including also mobile cyclones, atmospheric
depressions are reported to be thedominantmeteorological process that can
generate dust-emitting winds and favor subsequent dust emissions in dust
source regions, e.g., NorthAfrica46. However, a systematic assessment of the
relative contributions of Mongolian cyclones and atmospheric depressions
to dust emissions in the Gobi Desert does currently not exist.

Recent studies indicate a decrease in the number of springtime dust
storms inNorthernChina since 2001, at least partly due to theweakening of
mean near-surface winds8,47. Weakened mean near-surface winds in
Northern China are thought to be associated with the decrease in the
meridional temperature gradient induced by the faster warming in higher
latitudes compared to lower latitudes48. Specifically, the enhanced winter-
time Arctic amplification may favor the weakened meridional temperature
gradient in spring leading to a decrease in the dust storm frequency in
Northern China49. Despite the mean decrease in dust storm events, excep-
tionally strong dust storms paired with intense Mongolian cyclones are
observed, e.g., inMarch202132,50–52. TheMarch 2021dust storm is attributed
to rapid Mongolian cyclogenesis53.

Despite the perception ofMongolian cyclones as the primary driver of
dust storms in East Asia, a quantitative analysis of their connection using
multiple modern datasets to characterize uncertainty in the estimates does
currently not exist. We systematically assess the occurrence of springtime
dust storms associated with Mongolian cyclones from 2001 to 2022 by
combining the results of automatically detected low-pressure systems with
different data sets for dust aerosols. The approach allows us to compile the
first process-based climatology of observation-based dust aerosol emission
and transport for East Asia associated with Mongolian cyclones under
present-day conditions. The identification of Mongolian cyclones is based
on an automated detection algorithm54,55 applied to ERA5, the fifth gen-
eration of European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis56. The associated dust aerosols are computed based on
data sets for dust emissionfluxes and for dust aerosol optical depth (τ) taken
from Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2), Copernicus Atmosphere Monitoring Service
(CAMS), and an offline Dust Emission Model (DuEM)47,57–59.

Results
Climatology and trends of Mongolian cyclones
We first separate the Mongolian cyclones, which are mobile low-pressure
systems with a lifetime of at least 24 h, from those identified lows that are
short-lived and semi-stationary, here denoted as atmospheric depressions
(see “methods”). The mean climatology and trends of Mongolian cyclones
in terms of their lifetime, travel distancemeasured in geographical longitude
and latitude, location of cyclogenesis, occurrence frequency, and associated
peak winds are shown in Fig. 1. Mongolian cyclones form downstream of
the Altai-Sayan Mountains through lee-cyclogenesis (Fig. 1a). The role of
blocking of air by the Altai-Sayan Mountains for the formation of Mon-
golian cyclones in the lee has been shown60 following the theory ofAlpine lee
cyclogenesis61,62. In the long-termmean, 7.1 ± 1.3Mongolian cyclones form
per spring month (Fig. 1c). The spatial distribution of Mongolian cyclone
passages can be inferred from their regional occurrence frequency in Fig. 1b.
Most Mongolian cyclones pass the region of 100E°–125E°, and 37N°–53N°
(Fig. 1b), motivating the choice of using cyclones passing this region for the
analysis of Mongolian cyclone contributions to the dust activity.

Mongolian cyclones have amean lifetime of ~55 h and travel distances
of about 21° in geographical longitude and 5° in geographical latitude over
East Asia (Fig. 1d–e). TheMongolian cyclones allow therefore the eastward
transport of dust-laden air in East Asia. To measure the intensity of

Mongolian cyclones, the peak winds in a cyclone-affected area with a radius
of 5° around the center are analyzed. The mean and maximum peak winds
of Mongolian cyclones are higher than in atmospheric depressions in East
Asia (Fig. 1f–g). Furthermore, the 5th percentile of the maximum peak
winds of Mongolian cyclones (~9ms−1; Fig. 1g) is close to previously esti-
mated threshold wind speeds for dust emission in the Gobi Desert
(9.8 ± 2.2 ms−1)34, which means that more than 95% of the Mongolian
cyclones are strong enough, at least during their peak intensity phases, to
potentially emit dust aerosols from the Gobi Desert.

Our analysis shows a negative trend in the occurrence frequency and
mean peak winds (p < 0.05) of Mongolian cyclones in spring from 2001 to
2022 (Fig. 1c). Similarly, a decrease in the frequency and intensity of spring
Mongolian cyclones is observed from 1979 to 201744. The reduced Mon-
golian cyclone’s occurrence frequency and intensity are suspected to be a
response to anthropogenic forcing45. The increase in surface temperature
North of the Gobi Desert has been analyzed in the context of a weakening
westerly jet, and a reducedoccurrence frequency and intensity ofMongolian
cyclones45. Nevertheless, strongMongolian cyclones also occur towards the
endof the time series (Fig. 1c),which cancause strongdust outbreaks, e.g., in
spring 202132,63,64.

Co-occurrence of dust and low pressure anomaly
As a first test to what extent Mongolian cyclones coincide with strong dust
storms, we present composited anomalies of the mean sea level pressure
(SLP) when the spatially averaged hourly dust emission flux in the Gobi
Desert exceeds the 95th percentile of the spring climatology for 2001–2022
(Fig. 2). Here we define an extreme dust emission flux in the Gobi Desert,
when it is larger than the 95thpercentile computedon the spatially averaged
hourly dust emission flux. This threshold is deliberately lower compared to
the earlier definition32 to include more dust storms in the statistics. Addi-
tionally, we show the daily maximum wind speed at 10m a.g.l. across the
Gobi Desert against the daily maximum peak wind speed of Mongolian
cyclones passingD2 to illustrate the impact ofMongolian cyclones on dust-
emitting winds in the Gobi Desert (Fig. 2c).

During the extreme dust emission events in the Gobi Desert, an
anomalously low mean SLP is seen over southeastern Mongolia and
Northern China (D2, as indicated by red box in Fig. 2a), which is the
characteristic region for a Mongolian cyclone. A higher threshold, e.g., the
99th percentile, was tested but had no impact on the location of the
anomalously low mean sea-level pressure (not shown). It implies that the
strongest dust emission events also coincide with the occurrence of a
Mongolian cyclone. The location of the pressure anomaly is also right
around where Mongolian cyclones are particularly frequently detected by
the automated algorithm (compare Figs. 2a, b to 1b), suggesting that the
method54,55 successfully identifies Mongolian cyclones.

The choice of the underlying dust emission data set has a marginal
influence on the placement of the co-occurring Mongolian cyclone (com-
pare Fig. 2 a, b), although the magnitudes of the simulated dust emission
amounts substantially differ between DuEM and MERRA-2 that use par-
tially different potential dust sources (see next section). The results are
broadly consistent with the identification of a similar region for the
simultaneous occurrence of Mongolian cyclones and springtime dust
storms in previous studies utilizing different data, namely in-situ observa-
tions and synoptic analysis of the 850 hPa geopotential heights43. Further-
more, dust-emittingwind speeds in theGobiDesert are positively correlated
with the peakwind speeds ofMongolian cyclones passingD2, indicating the
successful selection of Mongolian cyclones for Gobi’s dust emission
(Fig. 2c).

Associated dust emission amounts
DuEM simulates higher dust emission (90.26 Tg yr−1) compared to
MERRA-2 reanalysis (12.96 Tg yr−1) by more than a factor of seven in the
Gobi Desert (Fig. 3a, b). It is at least in parts explained by the larger number
of potential dust sources inDuEM47 and the use of different dust schemes in
DuEM65 and MERRA-266. However, the relative contributions of
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atmospheric depressions and Mongolian cyclones to dust emissions are
remarkably similar in both the dust emission data from DuEM and the
MERRA-2 reanalysis in the Gobi Desert (Fig. 4).

Atmospheric depressions in D1 and D2 explain the majority, namely
~90–92% and ~72–79%, of the total dust emission flux in the Gobi Desert
(97°E–112°E, 38°N–46°N,Fig. 4),with the value depending on thedust data.
Including also depressions outside of D1 does not strongly affect the con-
tributions of atmospheric depressions to dust emissions in the Gobi Desert.

Mongolian cyclones in D2 contribute ~39–47% of the total dust
emission amount, which increases by less than 10% when all identified
Mongolian cyclones across East Asia are included in the statistics (not

shown). The result indicates the importance of atmospheric depressions for
dust emissions in the Gobi, with about half of the dust emission associated
with Mongolian cyclones (Fig. 4).

We quantitatively estimate the regional contributions of the Mon-
golian cyclones to the dust emission amounts in the Gobi Desert in spring.
To that end, we show the spatial pattern of the ratio of dust emissions
associated with atmospheric depressions and Mongolian cyclones in D2,
and with atmospheric depressions in D1 relative to the total dust emission
amount in spring (Fig. 3). In the Gobi Desert, a regional maximum of
93–100% of total dust emissions are associated with atmospheric depres-
sions in D1 and 47–62% associated with Mongolian cyclones in D2

Fig. 1 | Climatology of Mongolian cyclones for spring 2001–2022. Shown are
spatial patterns of themeans for the (a) cyclogenesis and (b) occurrence frequency of
all mobile cyclones generated from the downstream of the Altai-Sayan Mountain
(90°E–120°E and 40°N–53°N), and (c) compositemeans of themean peakwinds and
cyclogenesis per spring and their trends, and (d–g) distributions of lifetime, travel
distance in longitude and latitude,mean peakwinds, andmaximumpeakwinds of all
identified atmospheric depressions and Mongolian cyclones in East Asia. In (d–g),

mean fractions are shown as green triangles and green numbers at the top, medians
as orange horizontal lines and orange numbers at the top, gray boxes mark the
25–75% percentiles, and whiskers are the 5–95% percentiles. Gray shading in (a)
marks terrain with an elevation of at least 1500 m. Peak winds are the horizontally
averaged maximum in 10 mwinds that occur within a radius of 5° around the center
of Mongolian cyclones and atmospheric depressions. (*) in (c) indicates that the
statistical significance exceeds the 95% confidence level.
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(Fig. 3c, d, and g, h). Furthermore, relatively higher contributions of
atmospheric depressions and Mongolian cyclones to dust emissions in the
regionNorthern, Eastern, and SouthernGobiDesert are observed inDuEM
compared toMERRA-2 (Fig. 3c–h). This is partly due to the high fraction of
grassland in that region being included as potentital source regions for dust
aerosols in DuEM but not in MERRA-2 reanalysis47.

Associated dust aerosol optical depth
The climatology of τ and the ratio for τ co-occurring with atmospheric
depressions and Mongolian cyclones are shown in Fig. 5. Additionally, we
show thewind vectors at 700 hPa to illustrate the transport direction of dust
aerosol by atmospheric depressions and Mongolian cyclones, as dust
aerosols originating from theGobi Desert are typically transported between
2 and 4 km a.g.l.40. Both CAMS and MERRA-2 reanalysis show similar
spatial patterns of τ, despite the relatively lower τ simulated byMERRA-2 in
the Gobi Desert and the downwind region (Fig. 5a, b). Similar to dust
emissions, atmospheric depressions primarily explain the spatial pattern of
τ, particularly in Northeast China and East Mongolia (Fig. 5c–f). Averaged
over the region (black dashed box in Fig. 5f), ~88–93%of τ is associatedwith
atmospheric depressions in D1 and ~67–76% in D2 (Fig. 6), depending on
the dust data set. Moreover, CAMS simulates slightly higher contributions
of atmospheric depressions and Mongolian cyclones to τ than MERRA2
(Figs. 5 and 6).

In Eastern Mongolia and Northeast China, about 34–43% of τ is
associated withMongolian cyclones in D2 (Fig. 6). This result is similar but
slightly lower compared to an earlier study with different data andmethods
with namely 58% of the dust aerosols in the Beijing-Tianjin-Hebei (BTH)
region associated with the Mongolian plateau based on 15 years of Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) observations and

backward trajectories computed with theHybrid Single Particle Lagrangian
Integrated Trajectory Model (HYSPLIT)67. Indeed, dust aerosols are lifted
from the Gobi Desert and then transported eastwards with the wind
(compare Fig. 3e–h and 5e–h). Consequently, 70–72% and 34–38% (not
shown) of τ in the BTH region (red dot in Fig. 5f) are associated with
atmospheric depressions (including Mongolian cyclones) and Mongolian
cyclones alone in D2, respectively.

Both DuEM and MERRA-2 simulate also notably high dust emission
fluxes in the Taklamakan Desert (Fig. 3a, b). However, owing to the topo-
graphy, dust aerosols from this desert can only be transported eastward
when they reach an altitude of at least 4 km a.g.l.40. Therefore, the Takla-
makan Desert contributes less to dust outbreaks compared to the Gobi
Desert, indicated by the relatively high τ in the Taklamakan desert but not
downwind in both CAMS and MERRA-2 reanalysis (Fig. 5a, b). Other
drivingmechanisms such as the breakdown of low-level jetsmight also play
a role in the regional dust activity of the Taklamakan Desert37.

Trends of dust activity
There is consensus that dust emissions and dust storm frequency in
Northern China have decreased, primarily due to the weakening of mean
near-surface winds8,47. It raises the question of how much of this trend is
explained by changes in Mongolian cyclones. To address it, we assess the
linear trends in dust emissions and τ associated with atmospheric depres-
sions andMongolian cyclones (Figs. 7a–h and 8a–h). Additionally, we show
the relative changes of regionally averageddust emissions in theGobiDesert
and τdownwind (black box in Fig. 8a) inFigs. 7i, j, and 8i, j. The results show
negative trends in dust emissions associated with atmospheric depressions
andMongolian cyclones, particularly in the Gobi Desert. Despite the earlier
mentioned differences in the absolute magnitudes of dust emission fluxes

Fig. 2 | Mean sea level pressure associated with extreme dust emissions in the
Gobi Desert. Shown are composited anomalies of sea level pressure when regional
mean dust emission flux in the Gobi Desert (black box in Fig. 3a) exceeds the 95th
percentile with data from (a) DuEM and (b) MERRA-2 reanalysis, and (c) scatter
plot between daily maximum peak wind speeds of Mongolian cyclones and daily

maximum 10 mwind speeds across theGobi Desert. Black dots in (a, b) indicate that
the circulation changes are significant at the 99% confidence level. The boxes D1
(dashed) and D2 (solid) in (a) are used for the selection of Mongolian cyclones and
atmospheric depressions.
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between DuEM and MERRA-2, the estimated percentage changes in dust
emission over time are similar from both data sets. In the Gobi Desert, the
negative trends are −7% to −17% decade−1 and −10% to −18% decade−1

(Fig. 7). The results are broadly consistent with the weakening in both the
intensity and frequency ofMongolian cyclones over the years (Fig. 1c). The
decrease in dust emissions associated with Mongolian cyclones is particu-
larly notable in the northern Inner Mongolia Autonomous Region with
more than−20% decade−1 (Fig. 7).

There is also a negative trend in τ associated with atmospheric
depressions and Mongolian cyclones, particularly in the region downwind
of the Gobi Desert (black dashed box in Fig. 8a), which lies in the transport
direction of dust-laden air by the cyclones. The decrease of τ associatedwith
Mongolian cyclones in that region is−11% to−15% decade−1 (Fig. 8g, h),

consistent with the reported weakening of springtime dust storm frequency
in previous studies8,47. Mongolian cyclones favor dust emissions in the Gobi
Desert and the downward transport of dust aerosols, leading to relatively
high regionalmean τ in the downwind region (compare the numbers in the
top right of Fig. 5a–f to those in 5g–h). Hence, the decreasing intensity and
frequency ofMongolian cyclones caused a decrease inmean dust emissions
from the Gobi Desert, and therefore less downwind transport of dust
aerosols.

Mongolian cyclones and exceptional dust storms against their
downward trend
While a decrease in dust emissions in the Gobi Desert and τ in the down-
wind region is observed, individually strong dust storms nevertheless occur

Fig. 3 | Spatial pattern of the contributions of Mongolian cyclones to springtime
dust emissions. Shown are the mean of the dust emission flux for March to May
from (a) DuEM and (b) MERRA-2 reanalysis, (c, d) like (a, b) but for the fraction of
total dust emission associated with atmospheric depressions detected in D1, (e, f)

like (c, d) but for atmospheric depression in D2, (g, h) like (e, f) but for Mongolian
cyclones in D2. Regions D1 and D2 are marked in Fig. 2a. The numbers on the top
right of each panel are the spatial means for the area of the Gobi Desert, marked by
the box in (a).
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throughout the time series. We systematically assess the statistics in light of
reported events in the literature to illustrate the role of Mongolian cyclones
for high-impact East Asian dust storms, despite the mean decrease in their
occurrence. The analysis includes the spring dust storm frequency in China
obtained from the China Meteorological Administration (CMA) and the
individual high-impact dust storms reported in previously peer-reviewed
literature12,14–32 where time and meteorological drivers of dust storms are
given, marked in Fig. 9a. Moreover, we verified the occurrence of a visible
cloud band and suspended dust aerosols as typical for cyclones (not shown)
by visual inspection of the true color satellite images of the Moderate
Resolution ImagingSpectroradiometer (MODIS)Aqua andTerra68 and saw
the characteristic features in most cases. All the reported individual dust
storms included in our data are co-occurrence with the occurrence of
Mongolian cyclones, except for the atmospheric depressions in 2010. We
compute the maximum peak winds of these reported cyclones, when their
center passes region D2 and mark them in Fig. 9a.

Since 2010, fewer dust storms have been observed over China (Fig. 9a),
which alignswith theweakening in thepeakwinds andoccurrence frequency
ofMongolian cyclones and the associated dust emissions in the Gobi Desert
and τ in the region downwind (Figs. 1c, 7i, j and 8i, j). Moreover, more
frequent Mongolian cyclone-driven dust emissions occur in Southern
Mongolia than in Northern China as seen in the MERRA-2 analysis after
2017 (Fig. 9c). Hövmoller plots for the normalized monthly mean dust
emission flux anomalies associatedwithMongolian cyclones inD2 highlight
that spatial evolution of the dust emissions (Fig. 9b, c). The northward
movement of dust emissions over the years agrees with the faster decrease of
dust emissions inNorthernChina than inMongolia attributed toMongolian
cyclones (compare Fig. 9c to 7). Indeed, the mean position of Mongolian
cyclone centers has shifted northward over the years (Fig. 9d), which is
consistent with the reported poleward shift of the East Asian subtropical jet
streamover thepastdecades69, andmaycontribute to the strongerdecreaseof
dust emissions in Northern China and decrease of subsequent transport of
dust aerosols. Moreover, the desertification in Southern Mongolia since
201070 may lead to a weaker decrease in dust activity in that region.

Dust emissions are also influenced by other factors such as dry soil and
sparse vegetation8,47. For instance, conditions like high surface temperature,
low precipitation, and excessive snow melt before the super dust storm in
mid-March 2021 favor dust emissions50,51. The development of aMongolian
cyclone causes the necessary dust-emittingwindswhich leads to strong dust
storms. This is supported by the high maximum peak winds in Mongolian
cyclonesduring thosepreviously reported individual dust storms frompeer-
reviewed publications (Fig. 9a), which are at least 3 ms−1 higher than dust
emission thresholdwind speed in theGobiDesert (9.8 ± 2.2 ms−1)34.Despite
the mean weakening of the dust storm frequency andMongolian cyclones,
the occurrence of individual strong Mongolian cyclones can therefore still
result in exceptionally severe dust storms as seen in the past few years. For
example, fourMongolian cyclone-driven spring dust storms are observed in
2021, leading to slightly higher dust emissions in the Gobi Desert and τ in
East Asia (compare Figs. 7j, 8i, j and 9a).

Discussion
As a main prerequisite for strong dust-emitting winds in the Gobi Desert,
Mongolian cyclones have been investigated for previous super dust
storms30,32. However, there have been no quantitative assessments on the
relative contributions of atmospheric depressions and Mongolian cyclones
to dust emission amounts and dust aerosol optical depth (τ) in East Asia
from a climatological perspective. This study uses six datasets and extra-
tropical cyclone tracks to address this knowledge gap.

Atmospheric depressions dominate the dust activity in East Asia, i.e.,
they explain ~90–92%of dust emissions in theGobiDesert and~88–93%of
τ in the downwind region, with differences depending on the data set.
Similar contributions of atmospheric depressions todust activities are found
in other dust source regions, e.g., up to 90% of dust emissions in North
Africa co-occur with atmospheric depressions46.

Mongolian cyclones are defined as long-living mobile atmospheric
depressions, that form downstream of the Altai-Sayan Mountains. Mon-
golian cyclones support high-impact dust storms and explain almost half
(~39–47%) of Gobi’s dust emissions and ~34–43% of the τ in the region

Fig. 4 | Mean contributions of atmospheric depressions and Mongolian cyclones
to springtimedust emissions in theGobiDesert. Shown are the distributions of the
spatial mean fraction of dust emission in the Gobi Desert (black box in Fig. 3a)
associated with atmospheric depressions and Mongolian cyclones for the detection

areas D1 and D2 (Fig. 2a). Mean fractions are marked by green triangles and green
numbers at the bottom, medians are orange horizontal lines and orange numbers at
the bottom, gray boxes are the 25–75% percentiles, whiskers are the 5–95% per-
centiles and circles are the outliers.
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downwind in spring. The passage of Mongolian cyclones induces strong
dust-emitting winds in the Gobi Desert, leading to high τ and explain 19 of
20 high-impact dust storms from peer-reviewed publications. Cyclones in
East Asia explain more regional dust emissions than in other deserts. For
instance, in North Africa, only half as much (25%) of the dust emissions are
induced by the passage of mobile cylcones46. At least in parts, this is due to
more cyclogenesis over the Mongolian Plateau compared to the lee of the
Atlas Mountains in North Africa.

Our study illustrates the consistent decrease in the occurrence
frequency and intensity of Mongolian cyclones along with the asso-
ciated dust emissions and τ over the past 22 years. It suggests a direct

link of the decreasing Mongolian cyclones to the decrease of mean dust
emissions and τ. Previous studies indicate that the weakening of dust
emission and dust storm frequency in Northern China is attributed to
the decrease in mean near-surface winds8,47. In the present study, the
dust-emitting winds in the Gobi Desert are positively correlated with
the peak winds of Mongolian cyclones. Mongolian cyclones are a
prerequisite for strong dust-emitting wind speeds in the Gobi Desert.
Past studies suggest that reduced sea ice cover in the Barents Sea leads to
a southward shift of the Rossby wave train over west Siberia and north
China, affecting cyclogenesis over Mongolia71. In addition, Mongolian
cyclones are also affected by the barotropic anomalous anticyclone over

Fig. 5 | Spatial pattern of the contributions of Mongolian cyclones to springtime
dust aerosol optical depth (τ) for 2001–2022. Shown are the mean τ (shading) and
700 hPa wind vectors (arrows) forMarch toMay from (a) CAMS and (b)MERRA-2
reanalysis, (c, d) like (a, b) but for the fraction of τ and wind vectors at 700 hPa
associated with atmospheric depressions detected in D1, (e, f) like (c, d) but for
atmospheric depressions in D2, (g, h) like (e, f) but for Mongolian cyclones in D2.

Regions D1 and D2 are marked in Fig. 2a. The numbers on the top right are the
composited mean τ in Northeast China and East Mongolia as marked by black
dashed box in (f). The blue contours in (c–h) indicate regions with anomalously high
wind speeds at 700 hPa relative to the climatological mean. The red dot in (f)
indicates the location of Beijing-Tianjin-Hebei region.
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Northeast Asia induced by eastward-propagating upper-level waves
train over the Eurasian continent associated with positive sea surface
temperature (SST) anomalies in the North Atlantic72. Furthermore, the
decrease in the intensity and frequency of Mongolian cyclones have
been reported to be attributed to the weakened westerly jet stream and
atmospheric baroclinicity due to the anthropogenic warming in
northern China and Mongolian regions45.

However, strong individual Mongolian cyclones paired with
exceptional dust storms occur against the mean declining trend. The
results reveal that the mechanisms involved in the individually strong
dust storms that are dominated by Mongolian cyclones should be
investigated inmore detail, particularly in the future when a decrease in
the frequency of Mongolian cyclones is expected in the consistently
warming world73. Furthermore, a previous case study analysis32 sug-
gests that the passage of Mongolian cyclones may also influence dust
emissions in the Taklamakan Desert. Figure 3 suggests that Mongolian
cyclones inD2 contribute ~34–39%of dust emission in the Taklamakan
Desert. Detailed examinations of the dust emission mechanisms linked
to the passage of Mongolian cyclones are necessary to establish a
comprehensive understanding of the relative contributions of Mon-
golian cyclones to dust activities in the Taklamakan Desert in a con-
tinuously warming world.

Methods
Mongolian cyclone identification
The present study utilizes SLP, and wind speeds at 10 m a.g.l. from ERA5
reanalysis56 for characterizing the occurrence frequency and intensity of
Mongolian cyclones54,55. As the fifth generation of the ECMWF reanalysis,
ERA5 integrates a modern weather model with observations, creating a
temporally and spatially consistent dataset with a temporal resolution of 1 h
and horizontal resolution of 0.25°56. ERA5 is used to characterize meteor-
ological conditions for Mongolian cyclones-related dust storms and shows
skill in representingmeteorological variables, suchas temperature at 2ma.g.l.,
and wind speed at 10 m a.g.l.32.

The Mongolian cyclones are selected from the dataset of atmospheric
depressions,whichare automatically identifiedwithadetectionalgorithm54,55

applied to ERA5 reanalysis data56. The atmospheric depressions are

identified as the finite area surrounding the center. The center of an atmo-
spheric depression is the grid point where the SLP is more than 2 hPa lower
than that of its eight surrounding points. After detecting the center of an
atmospheric depression, a tracking algorithm is used to combine the centers
across time into one coherent system to determine the track. At time tn+1, an
atmospheric depression center xp(tn+1) is combined with the previous one
xQtn, when the distance between xp(tn+1) and a guess location of xQ(tn+1) is
less than 1000 km. The guess location is estimated with the equation of
xQ(tn+1) = xQ(tn)+ 0.75[xQ(tn)− xQ(tn−1)].Thegenesis is thefirst gridpoint
of the track, i.e., technicallywhennopreviousdisplacementvector is available
to estimate the guess location. Lysis is the last grid point of a track, i.e., when
no atmospheric depression center is found for the subsequent time. Finally,
all identified tracks are labeled with an index, and the lifetime of each
atmospheric depression is computed as the time difference between genesis
and lysis54,55.

For the automated detection of atmospheric depressions, the SLP data
from ERA5 reanalysis with a temporal resolution of 1 h was used. The
identified depressions can be stationary ormobile, and include for instance
the frequently detectedheat lows over theTaklamakanDesert (not shown).
The tracking algorithm combines several individually identified depres-
sions into temporal sequences of identification of the same system. To
separate the mobile extra-tropical cyclones forming over Mongolia, we
select the tracks in spring and filter the resulting data with the following
criteria:
1. The cyclones have to have a lifetime of at least 24 h, consistent with

previous studies on extra-tropical cyclones in East Asia74,75.
2. The cyclones have to bemobile and travel a distance ofmore than 5° in

longitude, similar to an earlier work of extra-tropical cyclones in East
Asia75.

3. Mongolian cyclones have to be generated downstream of the Altai-
Sayan Mountain, i.e., the genesis of the mobile cyclone track occurs
specifically in the region of 90°E–120°E and 40°N–53°N (marked in
Fig. 1a) similar to previous studies44,76. Specifically, the pressure ridge
(trough) is seen in the luv (lee) of the Altai-Sayan Mountains in the
mid-troposphere and the genesis of a Mongolian cyclone is seen as a
negative pressure anomaly at low tropospheric levels in the lee of the
mountains60.

Fig. 6 | Mean contributions of atmospheric depressions and Mongolian cyclones
to spring τ. Shown are the distributions of the spatialmean fraction of τ in the region
of Northeast China and East Mongolia marked by the black dashed box in Fig. 5f
associated with atmospheric depressions and Mongolian cyclones. Mean fractions

are represented as green triangles and green numbers at the bottom, medians are
orange horizontal lines and orange numbers at the bottom, gray boxes represent the
25–75% percentiles, whiskers show the 5–95% percentiles, and circles are the
outliers.
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Fig. 7 | Trends in dust emissions associated with atmospheric depressions and
Mongolian cyclones. Shown are linear trends in springtime dust emission fluxes for
2001–2022 from (a) DuEM and (b) MERRA-2 reanalysis, (c, d) like (a, b) but for
spring dust emissions co-occurring with atmospheric depressions in D1, (e, f) like
(c, d) but with atmospheric depressions in D2, (g, h) like (c, d) but with Mongolian
cyclones in D2, and (i, j) changes in regional mean spring dust emissions in the Gobi

Desert associated with atmospheric depressions andMongolian cyclones, relative to
2001. Black dots in (a–h) indicate where the trends are significant at the 90% con-
fidence level. The numbers on the top right of (a–h) are the spatially averaged trends
in spring dust emission for theGobiDesert,marked in Fig. 3a.D1 andD2 aremarked
in Fig. 2a.

https://doi.org/10.1038/s41612-025-00929-w Article

npj Climate and Atmospheric Science |            (2025) 8:51 9

www.nature.com/npjclimatsci


Fig. 8 | Trends in τ associated with atmospheric depressions and Mongolian
cyclones. Shown are linear trends in springtime τ for 2001–2022 from (a)CAMS and
(b)MERRA-2 reanalysis, (c, d) like (a, b) but for spring τ co-occurring with
atmospheric depressions in D1, (e, f) like (c, d) but with atmospheric depressions in
D2, (g, h) like (c, d) but withMongolian cyclones in D2, and (i, j) changes in regional
mean spring τ in the region marked as black dashed box in (a) associated with

atmospheric depressions and Mongolian cyclones, relative to 2003 (CAMS) and
2001 (MERRA-2) respectively. Black dots in (a–h) indicate where the trends are
significant at the 90% confidence level. The numbers on the top right of (a–h) are the
spatially averaged trends in spring τ for the black dashed box in (a). D1 and D2 are
marked in Fig. 2a.
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Dust data
To investigate the contributions of Mongolian cyclones to East Asian
springtime dust activity, we obtain data from multiple sources, including
dust storm occurrence, MODIS true color images, dust emission flux, and
dust aerosol optical depth (τ), as follows.

Reports of spring dust storms in China are taken from the CMA for
2001–2022. CMA publishes yearly China Climate Bulletins which include
extreme meteorological disasters, e.g., rainstorms, dust storms, severe
convection, and floods. The classification of dust events is based on the in-
situ observations of atmospheric visibility at weather stations in China43,77.

Dust storms are defined asweather conditionswhen the visibility is less than
1000 m, and super dust storms are less than 500m.

Data for the dust emission flux are obtained from DuEM47, and
MERRA-2 reanalysis57. DuEM uses the Shao04 dust emission para-
meterization scheme65, where vertical dust emission fluxes are calculated
with the main mechanism of saltation bombardment and aggregate disin-
tegration over surfaces with barren land, grasslands, and croplands in
northeasternChina. Dust emission flux inDuEM is simulated in 4 size bins,
namely 0–2.5 μm, 2.5–5 μm, 5–10 μm, and 10–20 μm. MERRA-2 global
atmospheric reanalysis for the satellite era is generated by the National

Fig. 9 | Co-occurrence of Mongolian cyclones and East Asian dust storms in
springtime. Show are (a) the number of spring super dust storms and dust storms
(including super dust storms) over China and the maximum peak winds of the
associated Mongolian cyclone in D2 during individual dust storms as reported by
peer-reviewed publications from 2001 to 2022, (b, c) Hovmöller plot of monthly
mean dust emission flux anomalies, normalized by the climatological standard
deviation, associated with Mongolian cyclones in D2 from DuEM (2001–2017) and
MERRA-2 (2001–2022) reanalysis, and (d) mean position (latitude) of Mongolian
cyclones center detected in D2 per spring and their trends from 2001 to 2022. The

occurrences of dust storms are obtained from the China Meteorological Adminis-
tration measured by in-situ observations of atmospheric visibility across China and
validated against past studies addressing the dust storm dynamics. Region D2 is
marked as a red box in Fig. 2a. The dust storm event in 2010 is associated with the
defined atmospheric depressions with a lifetime of less than 24 h, marked with +.
The black dashed line in (c) represents the latitude at 104.5°E and 41°N, located in
northernChina near the border withMongolia. (*) in (d) indicates that the statistical
significance exceeds the 90% confidence level.
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Aeronautics and Space Administration (NASA) Global Modeling and
Assimilation Office with the Goddard Earth Observing System Model78.
Dust aerosols inMERRA-2 are calculatedwith theGlobalOzoneChemistry
Aerosol Radiation and Transport model, where barren land surfaces are
potential dust sources66. Dust aerosols are simulated in 5 size bins in
MERRA-2, namely 0.2–2 μm, 2–3.6 μm, 3.6–6 μm, 6–12 μm, and
12–20 μm, and are provided as time-averaged data.Given the uncertainty in
dust simulations79–82, we have chosen to include two different estimates of
dust emission fluxes that include observational data to constrain the
simulation. We utilize dust emission flux data from DuEM in spring from
2001–2017 with a temporal resolution of 1 h and a horizontal resolution of
0.5° × 0.625°47. Furthermore, we use dust emissionfluxes57 and τ at 550 nm58

from MERRA-2 reanalysis for March to May in the years 2001–2022. The
temporal resolution of the MERRA-2 output is 1 h with a horizontal reso-
lution 0.5° × 0.625°.

In addition to τ fromMERRA-2, we use data from the reanalysis of the
CAMS, specifically the fourth generation of ECMWF’s Atmospheric
Composition Reanalysis 459. The global atmospheric composition data is
available since 2003 and has been created by assimilating observational data
into ECMWF’s Integrated Forecast System. Dust aerosols in CAMS rea-
nalysis are represented in 3 size bins, namely 0.06–1.1 μm, 1.1–1.8 μm, and
1.8–40 μm, and are provided as instantaneous data. Here, the τ at 550 nm
from CAMS reanalysis for the spring months in 2003–2022 is used. The
CAMS data in this study has a temporal resolution of 3 h and a horizontal
resolution of 0.75°.

Analysis strategy
To better understand the spatial pattern ofMongolian cyclones, the present
study computes the cyclogenesis and occurrence frequency of Mongolian
cycloneswithin a cyclone-affected area. The cyclone-affected area is defined
as the region within a 5° radius around each center of Mongolian cyclones,
following the approach of a previous East Asian extratropical cyclone
climatology44. Cyclogenesis in Fig. 1a refers to the cyclone-affected area
during the genesis of the detected cyclones. Occurrence frequency (Fig. 1b)
is definedas thenumberof occurrencesof cyclone-affected areas at eachgrid
box. The same event is only counted once for the calculation of occurrence
frequency. To measure the cyclone intensity, we compute the horizontally
averaged maximum in 10 m wind speeds that occur in the cyclone-affected
area and refer to it as peak winds of Mongolian cyclones. Similarly, a
comparable size of the cyclone-affected area and the definition of cyclone
intensity have been used for an earlier study83.We further analyse the linear
trends of the number of Mongolian cyclones and mean peak winds in each
spring and the statistical distributions of lifetime, travel distance in geo-
graphical longitude, mean peak winds, and maximum peak winds of
Mongolian cyclones and all identified East Asian atmospheric depressions
(Fig. 1c–g).

To identify the region whereMongolian cyclones often lead to extreme
dust emissions in the Gobi Desert (97°E–112°E and 38°N–46°N), we com-
puted composited anomalies of SLPwhen the spatially averaged hourly dust
emissionfluxexceeds the95thpercentile in this desert,withdata fromDuEM
and MERRA-2. Both results show a relatively lower composite-mean SLP
over southeastern Mongolia and Northern China (Fig. 2a, b), even though
the magnitudes of the simulated dust emission fluxes differ between DuEM
andMERRA-2. A similar regionwith an identified low-pressure system that
is associated with spring dust storms is also found in a previous study43. A
scatter plot of daily maximum wind speeds at 10m a.g.l. across the Gobi
Desert and the daily maximum peak wind speeds of Mongolian cyclones
passing D2 is used to illustrate the effects of Mongolian cyclones on dust-
emitting wind speeds in the Gobi Desert (Fig. 2c). We, therefore, choose
regionD2 (redbox in Fig. 2a) for the analysis of the occurrence ofMongolian
cyclones and dust activities in springtime from 2001 to 2022. In addition to
D2, a relatively larger region (D1, black box in Fig. 2a) is also selected to
include more dust emissions associated with atmospheric depressions.

When the centers, identified from the automated detection algorithm,
of Mongolian cyclones (atmospheric depressions) are in D2 (D1 and D2),

we compute the contributions of Mongolian cyclones (atmospheric
depressions) to the springtime dust storm activity as an averaged fraction of
the annual total emission amount for spring months in the period
2001–2022. Specifically, we compute the ratio of dust emissions and τ
associated with Mongolian cyclones and atmospheric depressions to the
total dust emissions and τ in spring (Figs. 3, 4, 5, and 6). Since dust aerosols
generated from the Gobi Desert are typically transported between 2 and
4 km a.g.l.40, we show the wind vectors at 700 hPa from ERA5 reanalysis in
Fig. 5 to illustrate the effects of atmospheric depressions and Mongolian
cyclones on dust aerosol transport. We also show the linear trends of
springtime dust emissions and τ associated with atmospheric depressions
and Mongolian cyclones for 2001–2022 (Figs. 7 and 8). The percentage
changes for the spatially averaged trends in the top right of Figs. 7 and 8 are
calculated relative to total annual dust emission flux and themean τ of 2001
(DuEM and MERRA-2) and 2003 (CAMS).

Additionally, we analyze recorded events of super dust storms and the
peakwinds ofMongolian cyclones to illustrate the occurrence of severe dust
storms due toMongolian cyclones as perceived frompublished case studies,
despite the negative trend in cyclone number (Fig. 9). We calculate the
maximum peak winds during the automatically detected Mongolian
cyclones, and in the case of 2010 for the atmospheric depression, in D2,
based on the recorded individual dust storms from peer-reviewed pub-
lications. The spring mean of the latitude of all Mongolian cyclone centers
and the associated trends for 2001–2022 is shown in Fig. 9d. We compute
the latitude-dependent anomalies in the mean dust emission fluxes for
spring months against their mean monthly climatology associated with
Mongolian cyclones and normalize the anomalies by the standard deviation
in the monthly fluxes to assess the spatio-temporal changes of dust storms
(Fig. 9b, c).

Data availability
ERA5 reanalysis is available at the ECMWFCopernicus Climate Data Store
(https://cds.climate.copernicus.eu/). The CAMS reanalysis data is available
at the ECMWF Copernicus Atmosphere Data Store (https://ads.
atmosphere.copernicus.eu/). MERRA-2 reanalysis is available at the Glo-
bal Modeling and Assimilation Office of National Aeronautics and Space
Administration (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data/_
access/). Dust emissions from DuEM are available at the Science Data
Bank (https://doi.org/10.57760/sciencedb.03301). Dust storm reports are
available from the China Meteorological Administration (CMA; https://
www.cma.gov.cn/en/) and MODIS images for dust storms and Mongolian
cyclones are available at the NASA Worldview (https://worldview.
earthdata.nasa.gov/).
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