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The post-1980 regional climate change increased dust 
AOD by +12.5 ± 15.0% and +43.6 ± 31.2% over the source 
and downstream areas respectively during a record-
breaking dust storm in March 2021 in North China.

One unexpectedly strong mega sand and dust 
storm (SDS) swept north China during 14–18 
March 2021, which was identified as one of the 

top 10 extreme weather and climate events of 2021 in 
China (Yin et al. 2022). This extreme SDS event greatly 
degraded the air quality over large areas of more than 
3.8 million km2, accounting for about 40% of China’s land 
area, and affected 6.417 million people. For example, the 
surface particulate matter (PM10) concentration exceeded 
the monitoring threshold in Ulanqab (~9,985 μg m–3) 
and reached extraordinarily high values in Beijing 
(~7,400 μg m–3) and Tianjin (~2,200 μg m–3) along the 
transport pathway, far exceeding air quality standards 
(150 μg m–3) and reaching extremely hazardous levels 
(Filonchyk 2021). In terms of intensity, persistence, and 
geographic range, this SDS event was an extremely rare 
weather event. As such, this event received extensive 
media exposure and was described as the biggest SDS in 
almost a decade by CNN (https://edition.cnn.com/2021/03/15/
asia/beijing-sandstorm-decade-intl-hnk). A large number 
of buildings and crops were destroyed, resulting in 
direct economic losses of 30 million yuan (www.gov.cn/
xinwen/2021-04/09/content_5598608.htm; ~4.5 million U.S. 
dollars).
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In the context of climate change, the sea ice anomalies in the Barents and Kara Sea reversed 
from negative to positive during the winter of 2020/21, resulting in a sharp change in the cold 
air mass from the polar region. Consequently, this led to an increase in soil temperature and 
near-surface air temperature before this SDS event (Yin et al. 2022). Also, the warmest north-
west Atlantic and coolest east Pacific (La Niña) during 2011/12–2020/21 jointly contributed to 
less precipitation in Mongolia, thus resulting in arid and dry soil conditions. These conditions 
were indirectly conducive to the occurrence of this strong SDS event under the influence of 
the super-strong Mongolian cyclone (Gui et al. 2022).

While the attribution of extreme events such as heat waves, drought, and extreme precipita-
tion were routinely carried out (Du et al. 2020; Liu et al. 2022; Ma et al. 2022; Min et al. 2020; 
Zhou et al. 2018), there are few studies that focus on extreme SDS events. In this study, we 
for the first time applied high resolution simulations with a state-of-the-art regional chemi-
cal model and the “storyline” attribution approach (Ma et al. 2022; Shepherd et al. 2018) to 
quantify the contribution of climate change to this extreme SDS event.

Data and methods
Aerosol optical depth (AOD) defined as the column-integrated light extinction is a quantitative 
estimate of the amount of aerosol present in the atmosphere. The daily AOD at 550 nm retrieved 
from Visible Infrared Imaging Radiometer Suite (VIIRS) (Hsu et al. 2019) and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) aboard Terra and Aqua (Sayer et al. 2019) were used 
to examine this SDS event and to evaluate the model simulations. Also, the surface PM10 mass 
concentrations obtained from the China National Environmental Monitoring Center (CNEMC) 
network were used to describe the distribution characteristics of surface aerosol particles. 
The fifth generation of European Centre for Medium-Range Weather Forecasts atmospheric 
reanalysis data (ERA5) (Hersbach et al. 2020) was used to examine the atmospheric circula-
tion (included geopotential height and wind field) and local meteorological (included surface 
temperature and precipitation) anomalies associated with this SDS event.

This SDS event occurred over the northwestern China (region 1, 36°–46°N, 90°–115°E) and 
greatly deteriorate air quality over the downstream areas (region 2, 36°–46°N, 115°–125°E) 
(Fig. 1a and Fig. ES1a). To quantify the magnitude of this event, the definition of an aerosol 
extreme event (AEE) was adopted from Pu and Jin (2021). In this study, an AEE was defined 
as a day or several consecutive days when the area-averaged (36°–46°N, 90°–115°E) daily 
AOD was above the 90th percentile of AOD centered on a 15-day window from March to 
May during 2003–21. The number of days within an AEE was its duration, and the averaged 
AOD within an AEE was its magnitude. Moreover, the maximum 1- and 5-day daily AOD in 
March–May from 2003 to 2021 were used to comprehensively examine the extreme charac-
teristics of this event.

The impact of post-1980 regional climate change on this SDS event was investigated 
using the Weather Research and Forecasting Model coupled with a chemistry component 
(WRF-Chem) updated by the University of Science and Technology of China (Hu et al. 2016, 
2019b; Zhao et al. 2014). The model was configured with 179 × 153 grid cells (10°–60°N, 
55°–155°E) at 36 km × 36 km horizontal resolution and 40 vertical layers up to 50 hPa. The 
lateral boundary and initial meteorological conditions (LBCs) were obtained from the Na-
tional Centers for Environmental Prediction final analysis data (https://rda.ucar.edu/datasets/
ds083.2/). The related physics schemes followed Hu et al. (2019a, 2020), and the dust emission 
scheme was from Shao et al. (2011). To quantify regional climate change contributions, two 
seven-member ensemble experiments were performed: one with realistic LBCs (CTRL runs) 
versus the other with changed LBCs by removing the trend of the post-1980 regional climate 
change signals (DTREND runs) from the ERA5 data. The seven members were formed by 
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initializing the model using atmospheric conditions 6 h apart from 0000 UTC (coordinated 
universal time) 13 March 2021 to 0000 UTC 20 March 2021. The trend is estimated using the 
linear least squares following Ma et al. (2022) and Kawase et al. (2020), and the detrended 
variables include temperature, relative humidity, geopotential height, and horizontal 
winds at all pressure levels. Therefore, the impact of regional climate change on the SDS 
event was quantified as the difference between the ensemble average of all seven CTRL 
and DTREND runs.

Fig. 1. (a) The observed MODIS AOD anomaly during 14–18 Mar 2021 related to all daily data from 14 to 18 Mar during 2003–21. 
The black box denoted the northwestern China (region 1: 36°–46°N, 90°–126°E). (b) Dust aerosol extreme events over East 
Asia. Magnitude (y axis) and duration (unit: day) of the extreme aerosol events over region 1 in March–May from 2003 to 
2021. Size and color of the bubbles indicate the duration and averaged magnitude of the events, respectively. The dotted line 
is the magnitude of the averaged AOD during 14–18 Mar 2021. Data are from combined MODIS Terra and Aqua. (c) Dust emis-
sions (shading) from MERRA-2 and wind vectors at 10 m from ERA5 during 14–18 Mar 2021. Red boxes are Taklimakan Desert 
and Gobi Desert. (d) The geopotential height (shading) and wind vectors at 700 hPa from ERA5. (e),(f) Anomalies of surface 
temperature and precipitation during 14–18 Mar 2021 related to 1981–2010 climatology from ERA5.
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Results
The magnitude of AOD anomaly during this SDS event was up to 2 over large parts of north 
China during 14–18 March 2021 (Fig. 1a), and these aerosol particles even propagated 
to the northern part of south China (Gui et al. 2022). As such, the monitoring PM10 from 
CNEMC reached more than 9,000 μg m–3 over the dust sources and 2,000–7,000 μg m–3 over 
the downstream areas, far exceeding air quality guidelines (45 μg m–3) newly released by 
the World Health Organization and seriously threatening human health (Fig. ES1a in the 
online supplemental material). Over region 1, the areal average daily AOD was extremely 
high with a value of 1.4 during 14–18 March 2021. This extreme SDS event was ranked the 
first and third in terms of its duration and magnitude during the past 19 years, respectively 
(Fig. 1b). Furthermore, the area-averaged anomaly of daily AOD, the maximum 1- and 5-day 
AOD in March were ranked the first with the magnitude of 0.95, 0.68, and 0.38, respectively, 
indicating that this SDS event was the most extreme event during 2003–21 (Fig. ES1b). To 
further examine how extreme this event was at a longer time scale, the dust AOD anomalies 
from Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2; 
Gelaro et al. 2017), were also analyzed (Fig. ES1c). The result showed that this dust extreme 
event was ranked third during the past 42 years, consistent with the results from MODIS 
shown in Fig. 1b.

During this massive dust plume, intense dust emissions were produced by an exception-
ally strong Mongolian cyclone over the Gobi Desert (GD), then crossed southern Mongolia 
and Taklamakan Desert (TD) and affected north China (Fig. 1c and Fig. ES1d). Although the 
magnitude of dust emissions from the TD was larger than that from the GD, more dust particles 
from the TD were blown westward due to the prevailing surface easterly winds. In contrast, the 
dust particles from the GD were emitted into the atmosphere by a strong Mongolian cyclone, 
and then transported to north China by northwesterly winds (Fig. 1c). Subsequently, these 
dust particles were transported to downstream areas blown by westerly winds (Fig. 1d) and 
were further enhanced by mixing with local dust emissions during the eastward transport.

Dust emissions are generally controlled by land surface conditions, near-surface wind, 
and precipitation (Chen et al. 2018; Hu et al. 2020; Huang et al. 2014; Pu and Jin 2021). During 
this event, the surface temperature showed a positive anomaly (more than 6°C) over the 
Mongolia and western Inner Mongolia (region 1, Fig. 1e) compared to climatology, while the 
precipitation presented a negative anomaly (less than –0.23 mm day–1) of 2 weeks before this 
event (Fig. 1f). This indicated that these dust sources became drier and more easily eroded. 
Meanwhile, this high temperature anomaly favors the formation of a warm low pressure sys-
tem near the ground (Gui et al. 2022), while the Mongolian cyclone became lower, which was 
conducive to aggravating gales through increasing the pressure gradient between the cold 
and high pressure. This suggests that the synoptic disturbances played an important role in 
the formation and transport of this extreme SDS event.

Ensemble simulations of the WRF-Chem model reproduced well the spatial distribution of 
AOD with a spatial correlation coefficient of 0.72 (Figs. 2a,b) over the whole simulated region 
(30°–60°N, 70°–140°E). Moreover, the surface PM10 mass concentrations from WRF-Chem were 
consistent with CNEMC observations with a correlation coefficient of 0.67 (Fig. ES1e). Overall, 
the model well captures the spatiotemporal characteristics of the SDS event that enabled a 
reliable attribution analysis.

The difference of dust AOD between the ensemble means of CTRL runs and DTREND runs 
showed that the regional climate change after 1980 significantly increased dust AOD over 
large parts of north China with a maximum value of 0.8 (Fig. 2c). The dust AOD increased 
by +0.15 ± 0.15 on average over region 1, with an increase of +12.5% ± 15.0% with respect to 
the mean dust AOD in the DTREND runs (Fig. 2d). Also, an increase of the dust AOD due to 
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Fig. 2. (a) The observed AOD from MODIS and VIIRS retrievals during 14–18 Mar 2021. (b) As in (a), but from WRF-Chem CTRL 
simulations. (c) The climate change impact on dust AOD from the ensemble mean difference between the CTRL and DTREND 
runs during this dust event. Region 1 was the dust source region (blue box) and region 2 was the dust downstream areas (red 
box, 36°–46°N, 115°–125°E). (d) The area-averaged dust AOD induced by the climate change impact over region 1 and region 
2 during this dust event. The line in the box and width of the box respectively represents the averaged value and standard 
deviations, and the whiskers show the minimum and maximum values. The ratio is the change percent of areal average of 
dust AOD as the regional climate change impact and is calculated as the percent of difference between Ensemble-meanCTRL vs 
Ensemble-meanDTREND. The labels marked with “*” indicate a statistically significant difference between CTRL runs and DTREND 
runs at 90% confidence interval of t-test. (e),(f) The climate change impact on dust emission and wind field at 700 hPa from 
the ensemble mean difference between the CTRL and DTREND runs during this dust event.

regional climate change appeared over region 2 (red box in Fig. 2c) with the area-averaged 
value of +0.17 ± 0.08 corresponding to a percent of +43.6% ± 31.2% (Fig. 2d).

To explain the increase in dust AOD induced by regional climate change, we analyzed the 
dust emissions and atmospheric circulation. Typically, dust emissions over southern Mongolia 
and western Inner Mongolia increased in this extreme SDS event (Fig. 2e), which was directly 
associated with the increased surface wind speed over dust source region (Fig. ES1f) and 
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increased surface temperature (Fig. ES1g). Specifically, compared with the DTREND runs, the 
regional climate change increased the surface temperature by +2.6° ± 0.9°C, decreased the 
precipitation by 0.05 ± 0.15 mm day–1, and strengthened the westerly wind speeds at 700 hPa 
by –0.07 ± 0.05 m s–1, especially along the dust plume transport path (Fig. 2f). Overall, the 
regional climate changes in surface temperature, wind speed, and precipitation favored the 
dust emissions from the GD and their eastward transport.

Conclusions
The contribution of climate change to the exceptionally strong SDS during 14–18 March 
2021 was quantitatively evaluated using a regional chemical model (WRF-Chem) based on a 
“storyline” approach. Compared with satellite retrievals, the WRF-Chem model simulations 
represented well AOD distribution characteristics over north China. Also, simulated surface 
PM10 mass concentrations were consistent with ground observations. Sensitivity ensemble 
experiments, in which the post-1980 regional climate change signals were removed, showed 
that the dust AOD was increased due to climate change. The area-averaged dust AOD over 
the study areas including the downstream areas was respectively increased by +0.15 ± 0.15 
and +0.17 ± 0.08, which is about +12.5% ± 15.0% and +43.6% ± 31.2% larger than that in the 
ensemble-mean of DTREND runs. These increases in dust AOD were induced by the influence 
of climate change on dust emissions over southern Mongolia and western Inner Mongolia 
and the atmospheric circulation, which was related to the increased surface temperature and 
wind speed. In conclusion, our results indicate that the post-1980 regional climate change 
significantly contributes to the strengthening of the March 2021 exceptional dust storm in 
north China. Note that some other contributing factors such as changes in land use are not 
included in this analysis. Our future work will address these factors to comprehensively ex-
plore the influence of the regional climate change on the occurrence probability of this dust 
extreme event.
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