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The dominant factor in extreme dust
events over the Gobi Desert is shifting
from extreme winds to extreme droughts

M| Check for updates

Qingzhe Zhu®'? & Yuzhi Liu®3*

Gobi Desert (GD) is one of the major global dust sources, where dust events are frequent. Based on
satellite observations, we compiled extreme dust events (EDEs) over the GD during spring since 2000.
Among all 43 extreme events, EDEs on 4-10 April 2001 (EDE 2001) and 14-19 March 2021 (EDE 2021)
are the most pronounced, due to the longest duration and the most intense strength, while the
generation mechanisms underlying these two EDEs are different. EDE 2001 is associated with extreme
westerlies, which are caused by an abnormal low-pressure due to the extreme Eurasian
teleconnection (EU). However, EDE 2021 is attributable to extreme droughts, which are caused by an
abnormal high-pressure due to the extreme Arctic Oscillation (AO) and West Pacific teleconnection
(WP). Moreover, the trends in EU, AO, and WP combined with the analysis of all EDEs indicate a shift in
the dominant factor of EDEs over the GD from extreme winds to extreme droughts. Therefore, regional
droughts should be given more importance in future EDE forecasts.

Extreme weather events are becoming more frequent under the influence of
climate change. In recent years, extreme weather events such as extreme
high temperatures, extreme cold snaps, and extreme rainfall have become
more severe in terms of intensity, duration, and impact scale, threatening
human health, economic stability, and ecological security at regional and
global scales'™. Therefore, the occurrence and variations of extreme weather
events and their influencing factors have become one of the major scientific
challenges of the World Climate Research Programme, and a major sci-
entific issue of general concern to the scientific community, governments,
and the public*’.

In desert regions, extreme dust events (EDEs) have also occurred
repeatedly in recent years, such as a record-breaking trans-Atlantic African
dust event that occurred on 14-28 June 2020, greatly degrading air quality
over North America®, and EDEs have also occurred in the Middle East and
India”®. Moreover, the Gobi Desert (GD), located on the border of China
and Mongolia, is one of the major global dust sources, and EDEs over the
GD have also become more severe in recent years. The EDE over the GD in
March 2021 caused North China to experience the strongest sandstorm
process in nearly a decade, and in March 2023, the GD experienced
another EDE'""”. These EDEs over the GD have significantly worsened air
quality, reduced visibility, and threatened human health, with far-reaching

impacts on the environment, weather, and climate in China, Mongolia, and
even East Asia*™".

Recent studies reported that EDEs over the GD in 2021 and 2023 were
associated with windy weather and arid surface conditions. The Mongolian
cyclone and cold high pressure are key factors in windy weather, and the
little rainfall and poor vegetation cover over the GD provided dust source
conditions'"'*". Related mechanisms are mainly the latitudinal distribution
of large-scale circulations due to Arctic sea ice anomalies, combined with
strong East Asian winter monsoons caused by sea surface temperature (SST)
anomalies leading to moisture dispersion and low rainfall'’. In addition,
several severe sandstorms over the GD at the beginning of this century were
at the peak of the La Nifia event which strengthened the East Asian winter
monsoon, weakened precipitation, and caused frequent strong winds as well
as arid surface over the north East Asia, providing powerful conditions for
strong dust storms'®.

As mentioned above, current researches on EDEs over the GD mainly
focus on the analysis of individual cases, their conclusions are consistent,
indicating that strong winds and droughty surface are important factors in
the generation of EDEs. Regarding the former, dust particles are mobilized
when the near-surface wind speed exceeds the threshold. Surface properties
mainly include soil moisture, soil water, and vegetation cover. The droughty
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surface causes looser soils and surface particles are more easily entrained
into the atmosphere, providing rich material conditions for EDEs. In
addition, extreme droughts are the physical basis for dust emissions, and
dust is produced mainly in dry and bare surface. Extreme winds affect both
dust emissions and dust transport, leading to the effects of EDEs more
widespread and longer lasting. In the context of climate change, wind speeds
in mid-latitudes are weakening, while droughts are intensifying"’~*'. How-
ever, due to the lack of statistical and comparative analyses over a long time
series, it is unclear whether the relative importance of winds and droughts
on EDEs has changed under climate change. Accordingly, based on satellite
observations, we counted the EDEs that occurred over the GD since 2000
and provided the duration and intensity of each EDE. Moreover, by ana-
lyzing the two EDEs with the longest duration and highest intensity, we
investigated the generation mechanism of EDEs over the GD. Furthermore,
combining the analysis of all EDEs, the shift in the dominant factors of EDEs
was proposed. We anticipate that our findings will offer insights into the
long-term characteristics of EDEs over the GD and enhance the under-
standing of the variation in EDE driving factors.

Results

EDEs over the GD and corresponding abnormal meteorological
patterns

Figure 1a shows the statistical results of EDE over the GD during the spring
0f2000-2023, and it is obvious that two long-term and high-intensity EDEs
occurred during 4-10 April 2001 (EDE 2001) and 14-19 March 2021 (EDE
2021). The distribution of averaged dust aerosol optical depth (DOD)
during these two EDEs is shown in Fig. 1b and c, respectively, which indi-
cates that the dust in these two EDEs mainly occurred over the southern GD.
Moreover, the averaged DOD during these two EDEs reached the 99th
percentile of daily DOD during the spring from 2000 to 2023 over most
areas of the GD (Fig. 1d, e), implying EDE 2001 and EDE 2021 are the
strongest EDEs since 2000.

To understand the causes of these two EDEs, the relevant meteor-
ological and land conditions were analyzed. Due to the duration of these two
EDEs being approximately 7 days, the conditions during the EDE as well as
2 weeks (week-2) and 1 week (week-1) before extreme events are selected.
Two weeks (21-27 March 2001) before EDE 2001, the geopotential height at
500 hPa (G500) was anomalously weak with abnormal northwest winds
over the GD (Supplementary Fig. 1al). However, it reversed one week later,
the GD was dominated by anomalously high pressures one week before the
event (28 March-3 April 2001; Supplementary Fig. 1a2). During EDE 2001,
the GD was once again controlled by low pressure, accompanied by strong
westerly wind anomalies (Supplementary Fig. 1a3). The circulation dis-
tribution of the EDE 2001 and that of the same period averaged from 2000 to
2023 indicate that the GD was dominated by the westerly winds during 4-10
April (Supplementary Fig. 2a3, b3). In contrast, the GD was dominated by
anomalous high pressure during EDE 2021 and two weeks before EDE 2021.
The anomalous high pressure was strongest one week before the extreme
event. In addition, northeasterly wind anomalies occurred over the GD
during EDE 2021 (Supplementary Fig. 1b1-b3 and Supplementary Fig. 3).

Anomalous low pressure resulted in anomalously high 10-m wind
speeds (UV10) over the GD during EDE 2001 (Fig. 2a; Supplementary Fig.
4al, bl) which can provide strong dynamic conditions for dust emission
and spread, while UV10 during EDE 2021 was close to the long-term
average value due to relatively abnormal high pressure (Fig. 2b; Supple-
mentary Fig. 4a2, b2). The averaged UV10 over the GD during EDE 2001
was the strongest in the same period from 2000 to 2023, which was
+2.26 m s~" with respect to the mean of 2000-2023 (Fig. 3a), but that during
the EDE 2021 was on the low side of the 2000-2023 period (Fig. 3b). In
addition, the average UV10 in EDE 2001 was the strongest during 1 March-
10 April 2001 (Supplementary Fig. 5a). Therefore, extremely strong wind is
a key factor for EDE 2001, but not for EDE 2021.

Furthermore, corresponding to changes in pressure, the skin tem-
perature (ST) was relatively low in two weeks before EDE 2001, followed by
abnormally high ST in 2001 week-1 and cooling during EDE 2001 (Fig.

2c1-c3). In 2021 week-1, abnormally high ST also occurred over the GD
(Fig. 2d2), which was substantially stronger than that in 2001 week-1. In
addition, relatively high ST also appeared in 2021 week-2 (Fig. 2d1) and ST
returned to normal during EDE 2021 (Fig. 2d3). The time series of averaged
ST over the GD during the periods contemporaneous with 2001 week-1 and
2021 week-1 from 2000 to 2023 imply that the ST during 2021 week-1 was
the highest in the same period from 2000 to 2023, which was +5.15 °C with
respect to the mean of 2000-2023 (Fig. 3d), while the ST during 2001 week-1
was the fourth highest during 2000-2023 (Fig. 3c). Moreover, the average ST
in 2021 week-1 was the highest during 1 March-10 April 2021 (Supple-
mentary Fig. 5b). Therefore, extreme high ST during pre-EDE, as opposed
to wind speed, is critical for EDE 2021.

The relatively high ST in 2001 week-1 resulted in relatively high soil
temperatures as well as comparatively low soil water and precipitation over
the GD, which in turn caused relatively strong droughts and further con-
tributed to the low snow cover and comparatively sparse vegetation (Fig. 3e).
Climate change has facilitated a positive feedback loop between soil
moisture deficiency and surface warming over the GD related to drought.
Soil moisture deficits impede the cooling effect of evapotranspiration, thus
allowing heat to be transferred directly to the air and exacerbating surface
warming, which in turn accelerates soil drying. Furthermore, the extremely
high ST in 2021 week-1 results in extreme drought over the GD, which is
reflected in the highest soil temperatures, the lowest soil water and snow
cover as well as the second lowest arid index (AI) and normalized difference
vegetation index (NDVI) (Fig. 3f). These features create a dry and loose
surface providing substantial material conditions for dust production.
Although the wind during EDE 2021 is not strong, these extreme surface
features are enough to promote dust generation. Consequently, the EDE in
2021 can be attributed to extreme droughts due to extremely high ST, while
the EDE 2001 was mainly caused by extreme winds.

Potential mechanisms affecting strongest EDEs

According to the main factors related to EDE 2001 and EDE 2021, we
calculated the regression between time series of UV10 anomalies during the
same period as EDE 2001 from 2000-2023 (shown in Fig. 3a) and G500, as
well as the regression between time series of ST anomalies during the same
period as 2021 week-1 from 2000-2023 (shown in Fig. 3d) and G500. As
shown in Fig. 4al, the UV10 over the GD is closely related to the abnormal
low pressure over the desert. In addition, the related wave activity flux
indicates that this low pressure is affected by the abnormally high pressure
over the Eastern European Plain. Fig. 4a2 indicates that the ST over the GD
is attributed to the abnormal high pressure over the desert which is affected
by the abnormal low pressure over the Arctic. To further analyze the causes
of the above circulations, SST anomalies associated with extreme events are
analyzed. As depicted in Supplementary Fig. 6, partially anomalously high
SSTs occurred over the North Atlantic during EDE 2001, and anomalously
high SST's occurred over the North Pacific during 2021 week-1. Moreover,
the regression between the time series of UV10 anomalies and SST, as well as
the regression between the time series of ST anomalies and SST also imply
that the UV10 associated with EDE 2001 is influenced by warmer North
Atlantic SSTs, while the ST associated with EDE 2021 is affected by warmer
North Pacific SSTs (Fig. 4b1 and b2).

Furthermore, the years of the top 5 (top 20%) highest averaged SSTs
contemporaneous with EDE 2001 over the North Atlantic and those con-
temporaneous with 2021 week-1 over the North Pacific from 2000 to 2023
were selected (Supplementary Table 1). Compared with the mean geopo-
tential height at 200 hPa (G200), the Rossby wave train structure with an
east-west distribution occurs over the middle and high latitudes of Eurasia
when the North Atlantic SST is high, which is typical of positive Eurasian
teleconnection pattern (EU)™, causing an anomalously low pressure over
the GD, which leads to anomalously strong westerly winds (Fig. 4c1). When
the North Pacific SST is high, the G200 presents a distinct anomaly with a
“positive-negative” pattern over East Asia and the Arctic, which is a typical
Arctic Oscillation (AO) positive phase”. In addition, an abnormal “positive-
negative” pattern also appears between the Pacific Ocean and the Arctic,
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Fig. 1 | Statistics and distributions of EDEs over the GD. a Magnitude and
duration of EDEs over the GD (the red rectangle in b) in spring from 2000 to 2023.
The size of the dots indicates the duration of the events while height denotes the
averaged magnitude. The dates and averaged DODs of EDE 2001 and EDE 2021 are
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shown. Spatial distributions of the averaged DOD during (b) EDE 2001 and (c) EDE
2021. Percentile of averaged DOD for (d) EDE 2001 and (e) EDE 2021 during the
spring of 2000-2023. The GD is represented by the red rectangle.

which is a typical positive West Pacific teleconnection pattern (WP)™.
When AO is in the positive phase, the low-pressure over the Arctic is
stronger than normal, limiting the southward expansion of cold air, which
creates favorable conditions for the abnormal high ST formation over the
mid-latitude regions (Fig. 4c2). Moreover, the WP positive phase further
promotes abnormal low-pressure over the Arctic region, the wave activity
flux indicates that the Rossby waves propagate from the Pacific high-
pressure region to the Arctic low-pressure region which further affects the
abnormal high pressure over East Asia, leading to the abnormal high ST

over the GD (Fig. 4c2). Furthermore, circulations corresponding to SST
anomalies are consistent with those corresponding to UV10 and ST (Fig.
4al and cl; Fig. 4a2 and c2).

Shift in the dominant factor for EDEs

The above analysis suggests that positive EU associated with high North
Atlantic SST strengthens UV10 over the GD, and positive AO and WP due
to high North Pacific SST enhances ST over the GD. Accordingly, the
indexes representing EU, AO, and WP were calculated”>””. Figure 4d shows
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Fig. 2 | Anomalies of UV10 and ST related to EDEs. a Anomalies of 10-m wind

vectors (vectors; m s~') and 10-m wind speeds (shading; m s™') in EDE 2001 with
reference to the 2000-2023 mean value during the same period as EDE 2001 (4-10
April). b as in (a), but for anomalies in EDE 2021 with reference to the 2000-2023

mean value during the same period as EDE 2021 (14-19 March). (c1-c3) and

(d1-d3) as in Supplementary Fig. 1(al-a3) and Supplementary Fig. 1(b1-b3),
respectively, but for anomalies of ST (K). “Week-2” and “week-1” denote 2 weeks
and 1 week before EDEs, respectively. The dots indicate that the anomalies are
significant above the 95% confidence level by the Student’s t-test. The GD is
represented by the green rectangle.

the time series of averaged EUI during 4-10 April (the same period as EDE
2001) from 2000-2023, as well as the time series of averaged AOI and WPI
during 7-13 March (the same period as 2021 week-1) from 2000-2023.
Corresponding to the years of EDE occurrence, the EUI reached its highest
value in 2001 which corresponds to the extreme UV10 that causes EDE
2001, the AOI reached its second highest value as well as the WPI reached its
highest value in 2021 which corresponds to the extreme ST and related
extreme drought causing EDE 2021. In addition, as depicted in Fig. 4d, the
EUI is decreasing, while the AOI and WPI are increasing, suggesting the
dominant factor for EDEs over the GD may shift from extreme winds to

extreme droughts.

Analysis of meteorological and land conditions during and prior to (1
week) all EDEs confirms the above possibilities. As shown in Fig. 1a, there
were a total of 16 years of EDEs during 2000-2023. By dividing these 16
years into groups every four years in chronological order, the meteorological
and land conditions of each group were analyzed (Fig. 5). The mean and
quartiles of G500 gradually increase from the first to the fourth 4-years prior
to (Fig. 5a) and during (Fig. 5b) EDEs, with a corresponding increase in ST
during pre-EDEs (Fig. 5¢), and a gradual decrease in UV10 during EDEs
(Fig. 5d) from the first to the fourth 4-years. The increase in ST and pressure
further leads to an increase in soil temperature (Fig. 5e) and decreases in soil
water and Al prior to EDEs (Fig. 51, g) as well as a decrease in NDVI during
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Fig. 3 | Time series of UV10 and ST as well as box plots of surface features
associated with EDEs. a Time series of anomalies of UV10 (m s™') over the GD
during 4-10 April (the same period as EDE 2001) from 2000 to 2023. b as in (a), but
for anomalies during 14-19 March (the same period as EDE 2021). ¢ Time series of
anomalies of ST (K) over the GD during 28 March-3 April (the same period as 2001
week-1) from 2000 to 2023. d as in (c), but for anomalies during 7-13 March (the
same period as 2021 week-1). e Box plots of averaged soil temperatures (K), soil
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water (m’ m ™), AL and snow cover during 28 March-3 April (the same period as
2001 week-1) and averaged NDVI during 4-10 April (the same period as EDE 2001)
from 2000 to 2023. fas in (e), but for the periods same as 2021 week-1 and EDE 2021.
The ranks of these factors of 2001 and 2021 are marked in purple. Boxes show
medians and 25-75% interquartile ranges and whiskers show minimum-maximum
ranges.

EDE:s (Fig. 5h) from the first to the fourth 4-years. And as time increases,
more meteorological and land conditions can reach long-term extreme
ranges (light purple shadings in Fig. 5). As shown in Fig. 5a, e-h, more than
half of the meteorological and land conditions related to the EDEs in the
fourth 4-years lie within the extreme ranges, which is much more than the
EDEs in other years. Moreover, the proportions of G500 and UV10 reaching
extreme ranges during the EDEs in the fourth 4-years are the lowest (Fig.
5b, d). Thus, droughts in the GD gradually intensified during the pre-EDE
period while wind speeds gradually weakened during the EDE period from
2000 to 2023. Combining analysis of the two strongest EDEs, trends in
different indices as well as meteorological and land conditions associated
with all EDEs, it is detected that the dominant factor of EDEs over the GD is
gradually shifting from extreme winds to extreme droughts.

Discussion
Based on satellite observations, EDEs over the GD were identified, and two
EDEs with the longest duration and highest intensity were studied in detail.

We found that although the duration and intensity of these two EDEs were
very similar, the driving factors behind them were different. EDE 2001 was
mainly driven by the strongest westerly winds during 2000-2023, which are
related to the EU positive phase caused by abnormally warm North Atlantic
SST. However, EDE 2021 was mainly caused by the most severe droughts
associated with the highest ST in one week before the extreme event during
2000-2023, which is related to the AO positive phase and the WP positive
phase due to abnormally warm North Pacific SST.

Previous research on EDEs intensively focused on case studies, with
conclusions implying that strong winds and droughts are key to EDEs. Our
long-term statistical and comparative analysis of EDEs reveals that the
dominant driving factors behind similar EDEs are distinct, and the domi-
nant factor of EDEs is changing. Based on analysis of all EDEs, the gen-
eration of EDEs over the GD is increasingly controlled by extremely high
pressure and ST, and associated extreme drought is becoming the dominant
factor for EDEs. The result highlights the importance of extreme droughts in
the production of EDEs, and that extreme droughts should be given more
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attention in future predictions of EDEs. Moreover, increased droughts in
arid and semi-arid regions as a result of global warming will severely
exacerbate the occurrence of EDEs, and therefore necessary and effective
climate action is key to curbing this situation.

Methods

Observations

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
the Terra satellite provides aerosol observations since 2000, including

Fig. 4 | Anomalies of G200, Rossby wave, SST, and indexes related to EDEs.
Regression patterns of G500 (shading; m) and T-N wave activity flux (vectors; m*
s %) onto (al) time series of UV10 anomalies during 4-10 April (same period as EDE
2001) from 2000-2023 and (a2) time series of ST anomalies during 7-13 March
(same period as 2021 week-1) from 2000-2023. b1 and (b2) as in (al) and (a2), but
for regression patterns of SST (°C). The purple rectangle represents the area for
calculating the average SST. The green rectangle represents the GD. c1 and (c2)
represent anomalies in G200 and T-N wave activity flux during high North Atlantic
SST years and high North Pacific SST years, respectively. The dots indicate the
regressions and differences are significant above the 95% confidence level by the
Student’s ¢-test. d represents the time series of standardized EUI averaged during
4-10 April (same period as EDE 2001), AOI and WPI averaged during 7-13 March
(same period as 2021 week-1) from 2000 to 2023. Solid lines represent linear fits.

aerosol optical depths (AOD), Angstrém exponent (AE), and single scat-
tering albedo (SSA). Based on the size distribution and absorption char-
acteristics of dust particles, Pu and Ginoux” derived a formula for
calculating DOD over land:

DOD = AODqg,, X (0.98 — 0.508 X AE + 0.051 X AE?) (1)

In addition, the formula requires SSA at 470 nm to be less than 0.99 for
the retrieval of DOD. This method has been widely applied in dust-related
studies'****. The aerosol observations in this study come from the MODIS
Collection 6.1 daily average product (MODO8), which was derived using the
Deep Blue algorithm™.

NOAA Climate Data Records (CDRs) provide long-term land, oceans,
atmosphere, and ice datasets. The Optimum Interpolation Sea Surface
Temperature (OISST)* from CDRs is a comprehensive climate data which
incorporates observations from various platforms into a regular global grid.
In this study, we used the daily SST data provided by OISST, with a reso-
lution of 0.25°. Moreover, the daily NDVI from NOAA CDRs with a
resolution of 0.05° is used in this study™.

Reanalysis data

The hourly meteorological and land conditions related to dust events,
including UV10, ST, G500, G200, winds at 850 hPa (UV850), soil tem-
perature, soil water, potential evaporation, and precipitation are derived
from ERA5 reanalysis datasets” ™, with a resolution of 0.5°. The ratio of
precipitation to potential evaporation is used as AL The calculation of
Rossby wave activity flux is based on Takaya and Nakamura™. The hourly
snow cover fraction is derived from MERRA-2 reanalysis datasets™, with a
resolution of 0.5° x 0.625° (latitude x longitude). Moreover, according to
previous studies, these reanalysis data have excellent applicability to extreme

36,37
weather events’®”’.

Identification of extreme dust events

According to Pu and Jin’, we defined an EDE over the GD (the area sur-
rounded by the red rectangle in Fig. 1b; 36-47°N, 96-112°E) as when
regional averaged daily DOD is greater than the 90th percentile of daily
DOD during the spring (March to May) of 2000-2023. Within the scope of
an EDE, the number of continuous days (at least 2 days) is the standard for
the duration of an EDE. The strength of an EDE is calculated as the DOD
averaged over all days during the event. There are a total of 2208 days in the
spring of 2000 to 2023, of which 2177 days were available for detecting DOD
data, and the calculated DOD threshold is 0.446.

Statistical significance test

In this study, correlation and regression are used to measure the relationship
between two variables, and the significance test is based on the two-sided
Student’s ¢-test.
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Fig. 5 | Meteorological and land conditions over the GD associated with EDEs at
different periods. a Box plot of averaged G500 (km) during each pre-EDE at dif-

ferent time periods. b Box plot of averaged G500 (km) during each EDE at different
time periods. ¢ Box plot of averaged ST (K) during each pre-EDE at different periods.
d Box plot of averaged UV10 (m s ') during each EDE at different periods. e-g Box
plots of averaged Soil temperature (K), soil water (m’ m ), and AI during each pre-
EDE at different periods. h Box plot of averaged NDVI during each EDE at different
periods (boxes show medians and 25-75% interquartile ranges, asterisks show mean
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values and whiskers show minimum-maximum ranges). Pre-EDE is defined as one
week before the first day of EDE. According to Fig. 1a, the 1st 4-years include 2000,
2001, 2002, and 2003, the 2nd 4-years include 2006, 2007, 2008, and 2009, the 3rd
4-years include 2010, 2012, 2013, and 2014, the 4th 4-years include 2015, 2017, 2021,
and 2023. The light purple shading represents the 25% quantile to minimum or 75%
quantile to maximum of daily mean values of each variable during the same period as
EDEs or pre-EDEs from 2000 to 2023.

Data availability

ERAD5 reanalysis data were obtained from https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form, MERRA-2
reanalysis data were obtained from https://goldsmr4.gesdisc.eosdis.nasa.
gov/data/MERRA2/M2TINXLND.5.12.4/. MODIS observations were
downloaded from https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/
61/MOD08_D3. OISST and NDVI data were obtained from https://www.
ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/
access/avhrr/  and  https://www.ncei.noaa.gov/data/land-normalized-
difference-vegetation-index/access/, respectively.

Code availability
Codes for this study are available upon reasonable requests from the cor-
responding author.
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