communications earth & environment

A Nature Portfolio journal

Article

https://doi.org/10.1038/s43247-025-02147-x
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Observational evidences indicate a significant decline in dust storm frequencies over the East Asian
arid-semiarid region during recent decades, which creates a strong contrast with a great increase in
sulfate emissions over monsoonal Asia. However, the causes for decline of dust activities are still
controversial. Through conducting a set of idealized sensitivity experiments of regional aerosol
perturbations, here we show that anthropogenic sulfate aerosols over monsoonal Asia remarkably
suppress the regional dust activities over East Asia. Southward shift of Asian westerly jet stream
induced by sulfate aerosols results in increasing precipitation and weakening surface wind speeds
over the arid-semiarid region, thereby suppressing local dust emission fluxes. Further, the latest Sixth
Coupled Model Intercomparison Project simulations indicate that anthropogenic aerosols partly drive
the recent weakening in regional dust activities and that future change of regional dust activities will
likely depend on emissions scenarios of Asian anthropogenic aerosols and greenhouse gases.

As a natural phenomenon, dust activity mainly induced by strong winds
from arid-semiarid lands has a remarkable impact on atmospheric envir-
onment and land-to-ocean ecosystems through triggering severe dust
storms and global/regional climate through dust-radiation and dust-cloud-
radiation interactions'™. Due to existence of the Taklamakan and Gobi
deserts over East Asia (EA), dust storms occur frequently throughout the
year, with most occurring during spring’”’. Observational results show a
weakened dust activity over EA with Northwest China as its core since the
late 1970s*".

Previous studies of diagnostic analysis have linked the EA weakened
dust activities to remote and local climate changes associated with global
warming caused by human-produced greenhouse gases (GHGs)**"' ™. One
mechanism proposes that the amplified Arctic warming results in a
reduction of the meridional temperature gradient and surface wind speeds
over mid-latitudes of the North Hemisphere, which therefore decreases EA
dust activities*>'*", Another proposed mechanism is related to increased
local precipitation over the EA arid-semiarid region through enhancing
convective instability, increasing transport of atmospheric water vapor, and
accelerated melting of snow and glaciers over high-mountain Asia'>". The
precipitation increase enhances local soil moisture and vegetation coverage,
which in turn weakens EA dust storm events'"'*"*,

Anthropogenic aerosols have been suggested as an important driver of
global/regional climate change, contributing the second-largest forcing in
earth-system models relative to GHGs"*'. Over monsoonal Asia such as
eastern China and Indian subcontinent, anthropogenic aerosols have dra-
matically increased over recent decades™ . Many previous modeling stu-
dies suggested that increased anthropogenic sulfate aerosols over the Asian
polluted regions significantly reduce the South Asian monsoon and East
Asian monsoon through altering the land-sea thermal contract and cloud
microphysical properties”*’, and enhance the summer precipitation over
the EA arid-semiarid region through altering the Asian westerly jet stream™.
However, relatively little attention has been paid to how the feedbacks of
sulfate-climate interaction in the Asian polluted regions influence on the EA
dust activities. Here, using a global climate model (GCM) with dust cycle
processes, we perform a series of idealized sensitivity experiments with
Asian sulfate aerosols to investigate the sulfate-induced impact on EA dust
activities. We quantify the changes of EA dust activities induced by Asian
sulfate and examine possible physical mechanisms related to regional cli-
mate change. We further utilize multi-model simulations from the Pre-
cipitation Driver and Response Model Intercomparison Project (PDRMIP)
to identify the climatic causes of the weakened EA dust activities and the
connection to sulfate emissions in the polluted regions over Asia.
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Results and Discussion

Observational relationships between dust activity and

sulfate AOD

Due to existence of Taklamakan and Gobi deserts over the East Asian arid-
semiarid regions, dust storms occur frequently throughout the whole year,
with most occurring in spring, which results in a large amount of desert
dusts emitted into atmosphere and transported to the downwind regions
including the Chinese Loess Plateau and the Pacific Ocean”. According to
station observations from the China Meteorological Administration
(CMA), Supplementary Fig. 1 displays a spatial distribution of observed
annual dust storm days over EA on average over the time period from
1979-1988. In contrast to eastern China with the low frequency of dust
activities, the CMA site observations show much more extreme dust events
over the EA arid-semiarid region, which is much >10 days climatologically.
In view of seasonal means, it shows large seasonal variations of dust activity.
It indicates that dust storms occur most frequently in MAM (March-May)
and followed by JJA (from June to August) in Supplementary Fig. 1. During
the period (1979-2013). It shows a substantial decrease in the EA dust
activities across most of the EA arid-semiarid region in Fig. 1a. In addition,
Fig. 1b further shows a significantly weakening trend in the dust storm
frequency with -2.37 days per decade, approximately —29% per decade
relative to 1979-1988. The EA weakened dust activity since the late 1970s is
generally consistent with previous observational studies®".

Due to the population explosion and the rapid economic growth over
monsoonal Asia during recent decades, anthropogenic aerosol emissions
over the Asian polluted regions have dramatically increased ™. The
Modern-Era Retrospective analysis for Research and Applications, Version
2 (MERRA-2) is a long-term global reanalysis beginning in 1980, which
assimilates aerosol observations and considers the aerosol-radiation-cloud
interactions in the climate system’". Here, we used sulfate AOD data from
the MERRA-2 Aerosol Reanalysis, instead of observational data. It shows an
increasing trend of sulfate AOD over Asia during the recent period from
1980 to 2013 based on MERRA-2, especially over eastern China and Indian
subcontinent (Fig. 1c). In the following subsection, we will examine the
Asian sulfate aerosol effect on regional dust cycle to provide a possible causal

relationship between the Asian sulfate aerosols and dust activities during
recent decades.

Anthropogenic sulfate-induced change of EA dust activity

The CAM4-BAM simulates the spatial distribution of surface dust mass
concentration annually on average (Fig. 1d). It shows that the dust surface
mass concentration decreases rapidly from the arid-semiarid region (dust
source region) to eastern China in CAM4-BAM, consistent with that of dust
storm frequency in the CMA site observations in Supplementary Fig. 1. We
further compare the simulated surface mass concentration, dust AOD, and
sulfate AOD with the MERRA-2 reanalysis over Aisa, indicating that the
model can mainly capture the spatial distribution of dust and sulfate
aerosols (Supplementary Fig. 2). Additionally, we also show the regional
precipitation and surface wind speeds (defined as 10-m wind speeds)
including observations and model, which is closely related to the dust
emission process. The model shows low precipitation and large surface wind
speeds over the EA arid-semiarid region, consistent with observations in
Supplementary Fig. 3.

Note that the World Meteorological Organization (WMO) defines a
dust storm event as the visibility <1000 m in site observations. According to
the observation manual prepared by WMO, the present weather code (ww)
related to dust storms are 09, 30 ~ 35, and 98 in CMA station observations.
Here, an extreme dust event (dust storm) is calculated from the daily surface
mass concentration in the model. If the daily mean value of surface mass
concentration is larger than the 95th percentile as a threshold for all the grids
over the region with 70-105°E and 35-50°N during the simulated 20 years
(almost 376 pg m”), it is defined as an extreme dust event (dust storm day).
Note that the threshold defined in the model is much less than observational
values (several thousand micrograms per cubic meter) from the northeast
Asian dust storm events”. This underestimation is mainly because that the
daily mean value is used to define the dust storm in the model, whereas the
instantaneous value is taken every 5 min in observations™. In addition, we
display seasonal variations of dust surface mass concentration (Supple-
mentary Fig. 4a) and dust storm days (Supplementary Fig. 4b) for MAM,
JJA, SON (September-November), and DJF (December-February), showing
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largest dust activities in the MAM season and followed by JJA, which is
absolutely consistent with observational dust storm frequency (Supple-
mentary Fig. 1).

To quantify the sulfate-induced effects on regional dust cycle, annual
changes of the EA dust activities induced by increasing Asian sulfate
aerosols are shown in Fig. 2. The differences between the sensitivity
experiments (SULx2Asia, SULx5Asia, and SULx10Asia, see Methods) and
Base experiment show a considerable decrease in the annual surface dust
mass concentration based on Fig. 2a—c, which is statistically significant over
the EA arid-semiarid region in SULx5Asia (Fig. 2b) and SULx10Asia
(Fig. 2c). Annual percentage change in dust mass concentration con-
siderably reduces from —1.7% to —8.2% (Fig. 2d). For extreme dust events,
we further show a significant reduction of dust storm days in SULx2Asia
(Supplementary Fig. 5a), SULx5Asia (Supplementary Fig. 5b), and SUL-
x10Asia (Supplementary Fig. 5¢). Compared with mean mass concentra-
tion, it shows a much larger percentage in extreme dust events from —2.5% —
—13.2% in Fig. 2d. This implies that the change of extreme dust events is
much more than that of mean mass concentration. Further analysis from
probability density function (PDF) of daily mass concentration shows that
increasing Asian sulfate aerosols decrease the frequency of dust storm events
(>376 ug m”) in Supplementary Fig. 6a and 6b, which reinforces the result of
larger percentage in the decline of extreme dust events. These results related
to surface mass concentration and extreme dust events mainly resulted from
the considerably reduced dust emissions over the arid-semiarid region
(Fig. 2d), also shown in Supplementary Fig. 7. Additionally, the reduction of
dust AOD is shown in Supplementary Fig. 8, which is significant for
SULx5Asia and SULx10Asia.

Relative changes in the EA dust activities are shown for four seasons in
Supplementary Fig. 9. The substantial decreases in the surface mass con-
centration (Supplementary Fig. 9a), frequency of extreme dust events
(Supplementary Fig. 9b), and dust emission flux (Supplementary Fig. 9c) are
all evident for the four seasons including MAM, JJA, SON, and DJF. Largest
magnitude of the sulfate-induced changes is shown during JJA for all the

variables of the EA dust activity. Compared with mean surface mass con-
centration and dust emission flux, the change of extreme dust event fre-
quency induced by sulfate aerosols has a larger percentage with —4.1%
(SULx2Asia), —13.3% (SULx5Asia) and —25.3% (SULx10Asia) during JJA.
In general, our results show that increasing Asian sulfate aerosol con-
siderably weakens the EA dust activity (especially extreme dust events) in
annual and seasonal means with the largest change during JJA.

Anthropogenic sulfate-induced climate feedbacks
To examine physical mechanisms of the significant weakening trend in EA
dust activities, we analyze regional climate changes induced by increasing
Asian sulfate aerosols during JJA. Here, the CAM4-BAM simulates the
differences between SULx10Asia and Base experiments in JJA Asian wes-
terlies, cloud amount, precipitation, and surface wind speeds, as summar-
ized in Fig. 3. Supplementary Fig. 10a displays a spatial distribution of JJA
westerly anomaly, showing a significant increase in westerlies at 200 hPa
over the regions in the south of 45°N and a decrease at higher latitudes.
Spatial pattern of change in westerlies indicates a considerable southward
shift of Asian westerly jet stream (AW]S) with ~0.8 degree between 60°E-
140°E. Vertical profile of changes in westerlies also indicates a southward
shift of AWJS (Supplementary Fig. 10b). A substantial increase in aerosol
optical depth (Supplementary Fig. 10c) over the Asian polluted regions from
SULx10Aisa leads to local larger negative effective radiative forcing (Sup-
plementary Fig. 10d), resulting in a significant cooling in mid-latitudes
(Supplementary Fig. 10e) and spatial change of meridional temperature
gradient (Supplementary Fig. 10f), in turn driving AW]JS southward shift.
Asian sulfate-induced change of AWJS alters EA dust activities
through influencing precipitation and surface wind speeds. The southward
shift of AWJS leads to anomalous low-level southwesterly winds over low
latitudes during JJA in Supplementary Fig. 11, which is favorable for the
supply of water vapor from the Indian Ocean and moisture flux convergence
over the EA arid-semiarid region’>” . Anomalous low-level circulations
due to the AW]JS shift significantly enhances regional cloud amount and

Fig. 2 | Sulfate-induced changes in the dust activ-
ities over East Asia. Annual changes in surface dust
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surface precipitation over the arid core region in Fig. 3, where the spatial
distribution of cloud amount and surface precipitation are shown in Sup-
plementary Fig. 12a and 12b, respectively. The increased regional pre-
cipitation in turn enhances soil moisture (Supplementary Fig. 12c) and
decreases local dust emissions. The AW]JS southward shift also leads to a

Sulfate-induced climate change
5.0 T T T T

2.54

0.0

Em CAM4-BAM
= PDRMIP (Fast)
Em PDRMIP (Total)

2.54

-5.0 T T
PRECT u10

AWIS CLDTOT

Fig. 3 | Sulfate-induced climate changes in June-August (JJA) over East Asia.
Changes in the latitudinal position of JJA AW]JS (degree), cloud fraction (CLDTOT,
%), precipitation (PRECT, 10" mm day), and surface wind speeds (U10, 10" m's™)
over the arid core region (70°E-90°E, 35°N-50°N) induced by SULx10Asia in CAM4-
BAM, compared with the PDRMIP fast and total responses. Error bars of the multi-
model mean represent the standard deviation among the PDRMIP models.

Table 1| Sulfate-induced seasonal changes in regional climate
over East Asia

Season AWJS CLDTOT PRECT u10

MAM -0.23 0.81 -0.01 -0.06
JJA -0.76 1.70 0.14 -0.17
SON -0.98 0.64 0.03 -0.15
DJF 0.08 0.64 -0.02 -0.12

Seasonal changes of the latitudinal position of AWJS (degree), cloud fraction (CLDTOT, %),
precipitation (PRECT, mm day™"), and surface wind speeds (U10, m s™) over the arid core region
(70°E-90°E, 35°N-50°N) induced by SULx10Asia in CAM4-BAM.

change of westerlies from high levels to low levels over mid-high latitudes,
affecting a long-range transport to the Pacific Ocean, and occasionally to
North America®”’. The increased cloud amount associated with the
dynamic processes reduces the sunlight incident upon the surface of the
Earth (Supplementary Fig. 12d), in turn decreases the turbulent fluxes of
sensible heat from the surface to the atmosphere (Supplementary Fig. 12e).
This results in a decrease of surface wind speeds (Fig. 3 and Supplementary
Fig. 12f) though reducing the turbulent mixing within the planetary
boundary layer, along with downward momentum transport to the surface,
proposed in the previous studies™. The weakening in the surface wind
speeds over the dust source regions reduces the amount of local dust
emissions. Therefore, a combination of the increase in precipitation and the
weakening in surface wind speeds due to increasing Asian sulfate aerosols
suppresses the EA dust activities remarkably (Fig. 2). We also show the
regional climate change during the four seasons induced by increasing Asian
sulfate aerosols in Table 1. It shows a largest change in precipitation and
surface wind speeds during JJA, which further supports the largest reduction
in JJA dust cycle. Furthermore, decreased dust aerosols can enhance pre-
cipitation increase over the EA arid-semiarid region through dust-in-snow
feedback mechanism”. and dust-ice cloud interaction mechanism®, which
then induces positive feedback between decreased dusts and increased
precipitation. Note that the sulfate-induced climate feedbacks are absolutely
based on the SULx10Asia experiment in CAM4-BAM, nonetheless the
climate feedbacks from SULx2 Asia and SULx5Asia show similar but smaller
changes in AWJS, cloud amount and precipitation, and surface wind speeds
(figures not shown).

Comparisons with PDRMIP simulations

The simulated climate feedbacks in CAM4-BAM are further compared with
the multi-model PDRMIP simulations (see Methods). Figure 3 shows the
changes in the JJA AW]JS position, cloud amount, precipitation, and surface
wind speeds averaged over the arid core regions (70°E-90°E, 35°N-50°N) in
CAM4-BAM compared with the PDRMIP forced SST simulations and fully
coupled simulations. It is evident in a southward-shifted AW]JS, increased
cloud amount, and precipitation, as well as weakened surface wind speeds
from both the PDRMIP fast and total responses, which all supports the
climate feedbacks of increasing Asian sulfate from CAM4-BAM. Further-
more, it shows similar values for fast and total responses in the AWJS
southward shift in the PDRMIP simulations with —2.12 + 1.17 degree (fast)

Fig. 4 | Historical change and future projection of
dust emission fluxes over East Asia in CMIP6.
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and —2.02 + 1.22 degree (total), cloud amount increase with 2.82 + 0.94%
(fast) and 3.36 £ 0.90% (total), precipitation increase with 0.13 + 0.09 mm
day (fast) and 0.11 + 0.07 mm day ' (total), and reduction of surface wind
speeds with —020+0.19ms” (fast) and —0.15+020ms” (total),
respectively. This indicates that the total climate responses including AWJS,
cloud amount, precipitation, and surface wind speeds to Asian sulfate
aerosols are dominated by the fast responses due to local atmospheric
cooling whereas the slow climate responses due to SST feedbacks can be
ignored.

In contrast to scattering aerosols such as sulfate aerosols, light-
absorbing black carbon (BC) directly absorbs incoming short-wave radia-
tion and warms local atmosphere, which has the potential global and
regional impacts of climate change***". Bases on the PDRMIP simulations
from perturbated experiments of Asian BC aerosols, increasing Asian BC
exerts a poleward shift of AW]JS through enhancing local atmospheric
heating at middle and high attitudes over Asia and reduces the surface
precipitation over the EA arid-semiarid region™, which likely enhances local
dust emission fluxes and dust activities over EA and partially offsets the
effect of Asian sulfate aerosols.

Individual effects from anthropogenic sulfate aerosols over

EA and SA

To check individual effects of sulfate aerosols over EA and SA, we also
conduct two additional experiments about 10-fold increase in the present-
day sulfate emissions over EA (SULx10EAsia) and over SA (SULx10SAsia).
Supplementary Fig. 13 displays the changes of annual AOD and surface dust
mass concentration induced by SULx10EAsia and SULx10SAsia, respec-
tively. It shows that the increase in sulfate aerosols (or AOD) over EA and SA
both decrease the surface dust mass concentration over the arid region in
Supplementary Fig. 13. Due likely to larger change in sulfate AOD over EA
(Supplementary Fig. 13a and 13b), increasing sulfate aerosols over EA shows
the significant and great reduction in surface dust mass concentration
(Supplementary Fig. 13c) compared with the SA sulfate aerosols in Sup-
plementary Fig. 13d. Since 2011, regional aerosol emission has been rapidly
changing over Asia, showing an aerosol dipole pattern with a continuous
increase over SA and a significant reduction over EA*'. The impact of this
Asian aerosol dipole pattern on the regional dust activities remains largely
unknown and merits further investigation.

Application to historical and future trends of East Asian dusts

To further quantify relative contributions of different external drivers to
dust activities over EA, we analyze historical trends of dust emission fluxes
using the Detection and Attribution Model Intercomparison Project
(DAMIP) in CMIP6">*, Previous studies show that the CMIP6 models can
mainly capture the spatial distribution seasonal cycles of dust emissions**.
Here, we used the historical all forcing simulations including all natural and
anthropogenic forcings and three single forcing simulations including
include GHG, anthropogenic aerosol, and natural forcing based on nine
GCM s in Supplementary Table 1. For the all forcing simulations in Fig. 4a,
the multi-model mean shows a decreasing trend of dust emission fluxes over
EA with —0.38x10"kg m™ s per decade (approximately —2.3% per
decade) during 1979-2014, far less than the observed decreasing trend of
dust storm frequency (Fig. 1b). GHGs emitted by human activities are a
potential driver of 20th century climate change, several studies of diagnostic
analysis have attributed the EA weakened dust activities to local and remote
climate change associated with global warming induced by GHGs**"'™"*.
The results of the diagnosis analyses are confirmed by the GHG forcing
simulations with a decreasing trend of —0.23 x 10"° kg m™s™ per decade in
Fig. 4a (all the GCMs have negative trends). Compared to GHGs, the aerosol
forcing simulations show a similar trend of —0.24x10"°kg m™ s per
decade but with larger uncertainties. Note that 71% of GCMs (five CMIP6
GCMs) have negative trends, whereas only two GCMs have positive trends.
The trend of dust emission fluxes induced by natural forcing is much smaller
relative to GHGs and aerosols. These DAMIP results clearly indicate that
increasing GHGs and anthropogenic aerosols both remarkably decrease

regional dust emission fluxes and were important drivers of recent weak-
ening in EA dust activities.

Under different Shared Socioeconomic Pathways (SSPs), we have
calculated the CMIP6 muti-model ensemble (MME) trends in dust emis-
sions over EA according to GCMs in Supplementary Table 1. Changes of
anthropogenic aerosol emissions over Asia are estimated to continue into
the future, with particularly large amplitudes and large uncertainties'""”. The
CMIP6 MME indicates a continuous decreasing trend during 2015-2100 in
the medium-high scenario for SSP370 (Fig. 4b) and high emission scenario
for SSP585 (Fig. 4c), respectively. That is mainly because high-emissions of
GHGs dominated the decreasing trend of EA dust emission fluxes.
Although individual GCMs have larger uncertainties for dust emission
trends in SSP370 and SSP585 compared to historical simulations in Sup-
plementary Fig. 14, these also indicate a consistent sign of trend (negative
trends for five GCMs in SSP370 and SSP585). In the “middle of the road”
pathway of SSP245, it indicates an increasing trend of dust emission fluxes
for the near-term (2015-2050) with 0.09x 10" kg m™ s in Fig. 4d, espe-
cially after 2021 (0.54x 10" kg m™ s™). During the period from 2015 to
2020, the relatively high dust emissions are likely due to district change of
sulfate emissions over South and East Asia*'. For the long-term (2051-2100),
there is a decreasing trend of dust emissions with —0.11x 10" kg m? s™.
The SSP245 emission shows a sharp decline in Asian sulfate emissions
during the near-term and insignificant change during the long-term"”. Sharp
decline of Asian sulfate emissions enhances the EA dust activities and likely
dominates the increasing trend of dust emission fluxes during the near-
term, whereas increasing GHGs decreases the EA dust activities during the
long-term. The CMIP6 MME results show that change of EA dust activities
will likely depend on emissions scenarios of GHGs and anthropogenic
aerosols.

There exists a large uncertainty of the CMIP6 GCMs for regional
climate change, especially for regional dust emissions'®"”. Our simulated
results also show a large uncertainty of dust emission fluxes for the CMIP6
GCMs in historical simulations (Fig. 4a) and in SSPs simulations (Supple-
mentary Fig. 14). Therefore, further improvements in the dust cycle process
parameterizations are needed in GCMs, which improves multiple model
ensemble projection of global and regional dusts cycle.

Concluding remarks

According to recent station observations from CMA, our results have
demonstrated a significant weakening of dust activities over the EA region
with Northwest China as its core since the late 1970s, which creates a strong
contrast with great increase in sulfate aerosol emissions over monsoonal
Asia during the same period. This study further investigated the effects of
sulfate-climate interactions on EA dust activities through conducting a set of
CAM4-BAM sensitivity experiments. Here, we show that anthropogenic
sulfate aerosols in the Asian polluted regions significantly suppress the EA
dust activities including airborne dust concentration and extreme dust
events. The major processes involved for the decline in EA dust activities in
response to Asian sulfate emissions are schematically summarized in Sup-
plementary Fig. 15. The AW]JS southward shift induced by Asian anthro-
pogenic sulfate aerosols increases the precipitation through inducing low-
level southwesterly wind over low latitudes, and weakens surface wind
speeds through reducing the surface sensible heat flux and westerlies over
mid-high latitudes. The increase in precipitation and decrease in surface
wind speeds both lead to reducing the EA dust emission amounts. These
aerosol-induced climate feedbacks including the AWJS southward shift,
precipitation increase, and surface wind speed weakening in CAM4-BAM
are reinforced by the PDRMIP multi-model simulations.

Although these idealized sensitivity simulations with Asian sulfate
aerosols make a specific attribution difficult in the CAM-BAM, our results
suggest that anthropogenic sulfate aerosols were a non-negligible driver of
the weakened EA dust activities. The CMIP6 muti-model ensemble rein-
forces these sensitivity results and furtherly shows that future change of EA
dust activities will likely depend on the SSPs of anthropogenic aerosols and
GHGs. Compared with 1980, it shows that the mean ratios of sulfate AOD
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increases are 4.0 over northern India and 2.4 over eastern China during
2013, respectively. The mean value of the ratio is almost 3 over these two
regions in Supplementary Fig. 16. Based on the regional mean ratio, the
climate and dust changes of increasing sulfate aerosols fall between these
sensitivity experiments of SULx2Asia and SULx5Asia. The quantitative
results in Fig. 4a indicate that the aerosol-induced reduction in dust emis-
sions is —0.24 x 10"°kg m™ s per decade, accounting for 63% of the
historical change in the all forcing simulations.

Additionally, East and South Asian sulfur dioxide emissions have been
changing rapidly during recent decade with a rapid reduction in the emis-
sions over China"'. Based the MERRA-2 Reanalysis, it shows a significant
decreasing trend of sulfate AOD with —0.053 per decade during 2012-2018
in East Asia (also see Ref. 50) and a nearly neutral trend in South Asia in
Supplementary Fig. 17a. It is noted that the frequency of observed dust
storms has slightly increased with 0.99 per decade since 2012 (Supple-
mentary Fig. 17b). This phenomenon suggests that the significant decrease
in sulfate emissions over East Asia enhances dust emissions over the EA
arid-semiarid region through the sulfate-climate feedbacks, which likely
leads to the opposing trends of dust storm frequency and sulfate aerosols.
The smaller increase in Asian dust storm frequency after 2012 may be
attributed to two primary factors. First, there is a slight change of sulfate
emissions over South Asia, leading to smaller change in dust storm fre-
quency. It suggests an important influence of South Asian sulfate aerosols on
East Asian (EA) dust emissions, as also supported by the sensitivity
experiment (SULx10SAsia) in Supplementary Fig. 13. Second, increasing
GHG emissions reduce Asian dust emissions, partially counteracting the
effects of declining anthropogenic sulfate aerosol emissions.

Note that CAM4-BAM and CMIP6 simulations significantly under-
estimate the magnitude of the decreasing trend in EA dust activities, highly
consistent with the results derived from CMIP5 simulations'. On one
aspect, observational evidences show a significant dramatic recovery of
vegetation coverage associated with recent wetting over the EA arid-
semiarid region™, which in turn decreases the emitted-area of EA dust
source and then reduces local dust emissions''*. Due to ignoring climate-
vegetation feedbacks in CAM4-BAM, our sensitivity experiments cannot
show the dust reduction arising from regional vegetation recovery and thus
may greatly underestimate the weakened EA dust activities induced by
Asian sulfate aerosols. To eliminate the gaps between GCMs and observa-
tions in recent decline of the EA dust activities'’, it is desirable to conduct
more comprehensive GCM historical simulations to consider the dynamic
vegetation processes together with increasing GHGs and anthropogenic
aerosols in future. On the second aspect, previous studies have shown a
potential impact of internal climate variability on the EA dust cycle, e.g, the
North Atlantic Oscillation and the El Nifio-Southern Oscillation™”.
Inability to capture the internal variability in GCMs may lead to the
underestimation of the magnitude of the recent declining trend in EA dust
activities”*”’. Finally, previous studies show an important contribution of
dust devils driven by convection to total dust emissions over North Africa
during summer™. These parameterizations of dust devil emissions have
been used to the numerical Weather Research and Forecast (WRF) model”.
The missing parameterizations of dust devil process in GCMs may affect the
changes in the East Asian dust cycle induced by Asian sulfate aerosols.

Methods

PDRMIP simulations

A set of idealized numerical experiments were performed to quantify the
role of several climate forcings such as GHGs, solar insolation, global and
regional aerosols in PDRMIP*"**. Compared with the Base experiment as
fixed present-day aerosol concentrations, one perturbated experiment of
regional aerosols is 10-fold increase in present-day sulfate emissions or
sulfate concentrations over Asia (10°N-50°N, 60°E-140°E), labeled by
SULx10Asia. Seven GCMs with SULx10Asia experiments were performed
including HadGEM3-GA4, GISS-E2, IPSL-CM5A, MIROC-SPRINTARS,
NCAR-CESM1-CAM4, NCAR-CESM1-CAMS5, and NorESMI1. In the
PDRMIP simulations, a pair of numerical simulations were carried out for

15 years in forced present-day sea surface temperature (SST) simulations
and for 100 years in fully coupled simulations. All the simulated data is
interpolated to the same horizontal resolution with 2.5° x 2.5° using bilinear
interpolation method. Fast response due to rapid adjustments is calculated
from last 10 years in the forced SST simulations and total response (fast 4
slow responses) is calculated from last 50 years in the fully coupled simu-
lations. Almost all the PDRMIP GCMs are concentration-based models,
whereas MIROC-SPRINTARS and CESM1-CAM5 are emission-based
models. All the PDRMIP GCMs do not predict or provide physical variables
related to dust aerosols including daily surface dust mass concentration.

CAM4-BAM description

The Community Atmosphere Model version 4 (CAM4) was the seventh
generation atmospheric GCM as part of the Community Earth System
Model, where the released CAM4 is the concentration-based model™.
Instead of the released version, the CAM4 coupled with a bulk aerosol model
parameterization (CAM4-BAM) is an emission-based one, utilizing exter-
nally mixed parameterizations and fixed size distribution of five aerosol
types: dust, sea salt, organic carbon, black carbon, and sulfate’’(Neale et al.,
2010). The corresponding physical parameterizations of dust emission,
transport, and deposition are derived from the Dust Entrainment and
Deposition Model™. In CAM4-BAM, the total vertical dust flux F,; (unit: kg
m—?s™") during saltation is defined as the following formula,

2
P 3 u u
Fd = CMquburegu* (1 - quZ) (1 +u_*r)7 (u* Zu*t)

* *
Fd = 07 (u*< u*t)

where C,;; is a dimensionless proportionality constant, g is the gravitational
acceleration, 1) is the sand blasting efficiency, and p is the air density. f;,, is
the fraction of bare soil, which decreases linearly with the leaf area index. u,
is the surface friction velocity, mainly depending on the surface wind speeds
assuming neutral stability; and the threshold friction velocity u,, is mostly
determined by soil moisture.

The new size distribution of emitted dusts was calculated from the
brittle fragmentation theory”', which is defined as relative proportion of dust
mass in four size bins. This version of CAM4-BAM shows a better spatio-
temporal simulation of global-scale dust aerosols and dust radiative
properties”™®, which is used to investigate the EA dust cycle and the
radiative feedbacks on regional climate®*®.

CAM4-BAM numerical simulations

In this work, the CAM4-BAM utilizes the Finite-Volume (FV) dynamical
core with 192 x 288 output grids for horizontal resolution 0.9 x 1.25 degrees
and 26 levels in the vertical direction. Consistent with the PDRMIP per-
turbated experiments of regional anthropogenic aerosols”**, we have car-
ried out the Base experiment and SULx10Asia experiment (10°N-50°N,
60°E-140°E) with forced present-day SST in CAM4-BAM. The prescribed
SSTs are derived from the Atmosphere Model Intercomparison Project™.
The model uses the emissions of aerosols and their precursors from IPCC
AR5 emissions. These fields of SST and emissions of aerosols are all at
present day (typically year 2000) in all the experiments. To identify changes
of the EA dust cycle induced by increasing sulfate aerosols, we have con-
ducted two experiments with a doubling of Asian present-day sulfate
emissions (SULx2Asia) and their 5-fold increase (SULx5Asia). Further-
more, two additional experiments were conducted for 10-fold increase in the
present-day sulfate emissions over EA (10°N-50°N and 100°E-140°E,
SULx10EAsia) and over South Asia (labeled SA, 10°N-50°N and 60°E-
100°E, SULx10SAsia), respectively. These forced SST experiments from
CAM4-BAM were integrated over 25 years with 5 year spin-up including
the Base, SULx2Asia, SULx5Asia, SULx10Asia, SULx10EAsia, and
SULx10SAsia experiments. Our model output not only includes the basic
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climate variables but also dust aerosols, especially the daily surface dust mass
concentration.

Data availability

The PDRMIP dataset of numerical simulations are publicly available at:
https://cicero.oslo.no/en/projects/pdrmip. Observational data of dust storm
events from CMA are available through http://data.cma.cn/data/cdcdetail/
dataCode/A.0012.0001.5011.html. The CMIP6 and DAMIP data are
available at: https://esgf-data.dkrz.de/search/cmip6-dkrz/. The MERRA-2
Aerosol Reanalysis are obtained at https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2/data_access/. The CAM4-BAM data are available through East
Asian Paleoenvironmental Science Database (https://doi.org/10.12262/
IEECAS.EAPSD2024003).

Code availability

Code is available from the corresponding author on reasonable request.
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