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Dust loading in West and South Asia has been a major environmental issue due to its
negative effects on air quality, food security, energy supply and public health, as well
as on regional and global weather and climate. Yet a robust understanding of its recent
changes and future projection remains unclear. On the basis of several high-quality
remote sensing products, we detect a consistently decreasing trend of dust loading in
West and South Asia over the last two decades. In contrast to previous studies emphasiz-
ing the role of local land use changes, here, we attribute the regional dust decline to the
continuous intensification of Arctic amplification driven by anthropogenic global warm-
ing. Arctic amplification results in anomalous mid-latitude atmospheric circulation,
particularly a deepened trough stretching from West Siberia to Northeast India, which
inhibits both dust emissions and their downstream transports. Large ensemble climate
model simulations further support the dominant role of greenhouse gases induced Arctic
amplification in modulating dust loading over West and South Asia. Future projections
under different emission scenarios imply potential adverse effects of carbon neutrality in
leading to higher regional dust loading and thus highlight the importance of stronger
anti-desertification counter-actions such as reforestation and irrigation management.

aerosols | climate change | atmospheric circulation | decarbonization

Dust acerosol is a suspension of tiny mineral particles in the atmosphere. This is the most
abundant aerosol by mass in the atmosphere and constitutes more than 50% of the global
aerosol loading (1, 2). Dust is often mixed with high salt, bacteria, and metal contents,
making it toxic for people and plants (3-5). Dust is also critical in global biogeochemical
cycles, acting as a potential source of iron for marine ecosystems (6). West and South Asia
are known to frequently experience high levels of dust pollution especially during
pre-monsoon season (7-9). High dust loading in these regions imposes negative impacts
on the hydrological cycle, food security, solar energy production, and human health
(10-13). For example, the Economic and Social Commission for Asia and the Pacific (14)
reported that sand and dust storms led to more than 500 million people in India exposed
to medium and high levels of poor air quality and over 107 million dollars in economic
losses in 2019 alone. Giannadaki et al. (15) reported hundreds of thousands of cardio-
pulmonary and lung cancer mortalities due to dust exposure in West Asia. Apart from
the direct impacts on ecosystem and public health, dust acrosols scatter and absorb solar
radiation, and act as natural seeds for cirrus clouds in the upper troposphere, affecting
regional and global weather and climate (16-18). Kok et al. (19) highlighted a coolinf
effect of dust on global climate through the radiative effect estimated to be -0.2 + 0.5 W m™
For monsoon regions such as West and South Asia, dust radiative effects are found to
regulate surface energy balance and modulate monsoon duration and intensity of precip-
itation (20-22).

High dust levels in West and South Asia are mainly due to strong local emission and
long-distance transport (23, 24). The dust emissions are highly sensitive to local conditions
such as surface winds and soil moisture (25). The Arabian Peninsula and Tigris-Euphrates
alluvial plain are prime emission sources in the Middle East, and the Thar Desert and the
Indo-Gangetic Plain (IGP) are major sources of dust in the Indian subcontinent, collec-
tively contributing to about 20% of global dust emission (24, 26-28). Strong northwest-
erly winds forced by a wave of high pressure that funnels through the Persian Gulf between
Saudi Arabia and Iran results in persistent sand and dust storms in West Asia in the spring
and summer months (29). Due to extremely dry conditions and strong winds, 5 to 10
dust storms are generated annually over the Thar Desert and strike northwest India during
the pre-monsoon season (30). Dust transported from the Northern Africa partially con-
tributes to the high level of dust loading in West Asia and dust originating from the Middle
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East and the northeast Africa is another important source of dust
in South Asia (31). Dust generated from the arid and semi-arid
regions in the Middle East can be transported thousands of kilo-
meters from West Asia to northern India by the prevailing westerly
winds (29, 32).

Large-scale atmospheric circulation is the key driving force that
affects local emission conditions as well as the long-range transport
processes of dust aerosols in West and South Asia. The mid-latitude
circulation pattern is subject to the influence of major climate
modes (directly or indirectly via teleconnection), such as sudden
stratospheric warming, Arctic ice loss, el nifio/southern oscillation
(ENSO), and the Indian ocean dipole (IOD) (33-35). Changes in
large-scale circulation directly modify the direction and magnitude
of long-distance dust transport (25, 36), and also regulate emission
processes by affecting regional precipitation, soil moisture and
near-surface wind speed, and boundary-layer stability (37, 38). For
example, cooling in the Tibetan Plateau in conjunction with warm-
ing in the Southern India was shown to generate easterly wind
anomalies, suppressing local dust emissions and dust transport from
the Middle East and Sahara to India (39). Dust emissions in the
Middle East, Southwest Asia, and the western Sahel were strongly
influenced by the IOD through its impact on local rainfall and
the shamal winds (i.e., northwesterly wind blowing over Iraq and
the Persian Gulf) (37, 40). Global climate has undergone signifi-
cant changes in recent decades due to anthropogenic emission of
greenhouse gases (GHG) and other pollutants (41, 42). Anthropogenic
climate change imposed perturbation on atmospheric circulation
and monsoon rainfall patterns in West and South Asia (43-45).
It is thus imperative to thoroughly analyze its subsequent impacts
on the emission and transport processes of dust over these regions
(depicted in SI Appendix, Fig. S1A).

Using satellite retrievals, reanalysis, and surface observations, a
majority of previous studies have reported declining trends in dust
loading across West and South Asia (44, 46-49), although some
studies have suggested increasing (50) or even reversing (51) trends
over the past two decades. In this study, we adopted three high-
quality satellite retrieval products to detect a consistently long-term
decrease in dust loading over the broader region of West and South
Asia in the last two decades (up to 2019). We truncated the time
period to 2019, as reduced anthropogenic emissions in COVID-19
(especially in 2020) were suggested to perturb atmospheric circula-
tion and rainfall patterns which could influence dust loading in this
region (39, 52). These three products, including the infrared atmos-
pheric sounder interferometer (IASI) dust optical depth (DOD),
the cloud-aerosol lidar with orthogonal polarization (CALIOP)
DOD, and the moderate resolution imaging spectroradiometer
(MODIS) aerosol optical depth (AOD), feature high reliability,
benefiting from well-established instruments, rigorous validation
procedures, and broad scientific assessment (53-57). Tindan et al.
(58) reported better performance in DOD retrieval using IASI com-
pared to CALIOP because of stronger aerosol-cloud discrimination
capabilities. Therefore, in this study, we use the IASI DOD as the
primary dataset for detection of the recent trends in dust loading,
while CALIOP DOD and MODIS AOD are presented as support-
ing data.

Previous studies have primarily attributed the decline in dust
loading in West and South Asia to increased regional rainfall and
suppressed emissions (44, 46), potentially driven by a local green-
ing due to irrigation expansion (47, 49). However, we contend
that there may be more influential contributors at the global scale
to this widespread decrease in dust loading across such extensive
spatial domains. Using the reanalysis products and historical
model simulations from the coupled model intercomparison pro-
ject phase 6 (CMIP6), we attributed the recent decline in dust
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loading to the Arctic amplification—related mid-latitude circula-
tion changes. Large ensemble model simulations were used to
further support the dominant role of GHG-induced Arctic ampli-
fication in modulating dust loading, rather than natural variability
or local land use changes. Future shifts in dust loading in West
and South Asia under different shared socioeconomic pathway
(SSP) scenarios were also evaluated, showing an increase in dust
loading under the more aggressively mitigated scenarios. Our
results raise awareness for potential dust loading enhancement in
West and South Asia toward a low carbon future, highlighting the
need to strengthen local anti-desertification efforts as part of the
broader climate mitigation strategies.

Results

Decreased Dust Loading in West and South Asia. Desert dust
sources in West and South Asia are mainly concentrated in the
border regions of India and Pakistan, and the Arabian Peninsula
(SI Appendix, Fig. S1A), whereas the transport of dust acrosols
and severe dust outbreaks are frequently observed across west Asia
and northern parts of south Asia in particular over the Indo-
Gangetic Plains (S] Appendix, Fig. S1B). From 2008 to 2019, DOD
over most parts of West and South Asia experienced decreasing
trends, with the largest decline found in the IGP and the Persian
Gulf Coast regions, and DOD over the Middle East also shows
remarkable declines (Fig. 14). The DOD over the entire land
region decreased significantly at an area-averaged rate of -0.0036
per year (-2.88%/year, P < 0.01) (Fig. 1 C and E). There was
an unusual enhancement of DOD in 2018 due to anomalous
easterlies and droughts in the pre-monsoon seasons of South Asia
(30). To verify the robustness of the changes, we divided the entire
study period into two subperiods: Pre-period (2008 to 2013) and
Post-period (2014 to 2019). In most parts of South Asia, DOD
is at least 0.05 (50%) lower in the Post-period compared to the
Pre-period (Fig. 1B). Notably, DOD over Iraq can be 0.1 (75%)
smaller in the Post-period than in the Pre-period. DOD over
the oceans surrounding the Arabian Peninsula exhibits more
significant decreasing trends with a spatially averaged rate of
-0.0038 per year (-4.20%/year, P < 0.01) (Fig. 1 D and F).
Retrievals from MODIS also support decreasing trends in dust
loading in West and South Asia (Fig. 2), consistent with the trend
detected in the IASI DOD product. Although the MODIS AOD
includes contributions from all acrosol types, the aerosol loading
is dominated by dust during the May—July pre-monsoon season
over the source and transport regions in West and South Asia as
represented in four boxes shown in Fig. 24. The time series depict
a general decline over the longer 2003 to 2019, indicating the
trend over 2008 to 2019 detected in IASI DOD is not due to the
spurious anomaly of 2008. The CALIOP DOD also shows a
declining trend since 2007 (Fig. 2 G-1), consistently in daytime
and nighttime records as well as the surface and mid-troposphere.
At higher troposphere, percentage change in dust occurrence fre-
quency (DOF) exhibits positive values, which is associated with
increased upward movement of air from Pre-period to Post-period.
Total and coarse mode AOD in most sites of the Aerosol Robotic
Network (AERONET) also show decreasing trends in West and
South Asia over the study period (Fig. 2K and S/ Appendix,
Fig. S1H). The decreasing rates inferred from IASI DOD and
AERONET AOD are generally consistent (Fig. 2Z).

DOD Decline Due to Global Warming Induced Arctic Amplifi-
cation. Fig. 34 shows that most regions in Europe, North
Africa, West Asia, and South Asia have experienced warming
in the Post-period compared to the Pre-period. Moreover, the
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Fig. 1. Temporal variations of DOD. (A) Spatial distribution of DOD trend (1 per year) from 2008 to 2019. Black dots denote areas with significant trend (P < 0.05).
(B) Spatial distribution of changes of DOD from the Pre-period (2008 to 2013) to the Post-period (2014 to 2019) period. Whited-out areas in (A and B) are plateau
regions with missing data. The spatial distributions of DOD changes in percentage are shown in S/ Appendix, Fig. S1 C and D. (C) Time series of spatially averaged
DOD anomalies over West and South Asia (land regions enclosed by purple dashed lines in A). (D) Time series of spatially averaged DOD anomalies over Northern
India Ocean (ocean regions enclosed by blue dashed lines in B, including the Red Sea, the Gulf of Aden, the Arabian Sea, the Gulf of Oman, the Persian Gulf,
the Laccadive Sea and the Bay of Bengal). (F) Time series of percentage changes of spatially averaged DOD anomalies over West and South Asia lands as in (A).
(F) Time series of percentage changes of spatially averaged DOD anomalies over the oceans around West and South Asia as in (B).

Arctic is warming at a faster rate than the rest of the planet,
a phenomenon well known as Arctic amplification (59). We
quantify the variation of Arctic amplification intensity (AAI)
from 2008 to 2019 by calculating differences in the annual
average surface temperature anomalies between the pan-Arctic
(60° to 90°N) and the entire northern hemisphere (0° to 90°N)
[(60), Fig. 3B]. We note a general increase in AAI over 2008 to
2019, which reduces the thermal contrast between the Arctic
and the Northern Hemisphere. AAI has been documented to
have been increasing since the center of the second half of the
20th century and has become more pronounced after 2000
(43, 61-64). As a result, Arctic amplification exerts profound

PNAS 2024 Vol.121 No. 14 2317444121

impacts on the mid-latitude circulation pattern by perturbing
storm tracks, the position and structure of the jet stream, and
planetary wave activity (43, 65). The correlation coeflicient (R)
between Arctic-NH thermal contrast and dust loading in West
and South Asia is found to be as high as 0.77 (P < 0.01), which
is indicative that the decline in dust loading over West and South
Asia may have a potential connection with the reduced Arctic-
NH thermal contrast. We also explored potential impacts of
other meteorological oscillations, including El Nino/La Nifa,
madden-julian oscillation (MJO), India ocean dipole (I0D),
and Arctic oscillation (AO) (87 Appendix, Fig. S2). However,
none of them matched the trends of dust over 2008 to 2019.
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Fig. 2. Temporal variations of MODIS AOD, CALIOP DOD, and AERONET AOD. (A) Spatial distribution of MODIS AOD trend (1 per year) from 2003 to 2019. Black
dots denote areas with significant trends (P < 0.05). (B) Spatial distribution of CALIOP DOD trend (1 per year) from 2007 to 2019. Black dots denote areas with
significant trends (P < 0.05). Time series of spatially averaged MODIS AOD over the Thar Desert (C), Baluchistan & Afghanistan (D), Northern Arabian Sea (E), and
Persian Gulf (F) during May to July from 2003 to 2019. Time series of spatially averaged daily (G), daytime (H), and nighttime (/) CALIOP DOD over the Middle East
(12°N to 38°N, 32°E to 62°E, red box in B) from 2007 to 2019. (J) Percentage decrease in DOF (calculated using CALIPSO dust profiles) over the Middle East (red
square in B, original CALIPSO orbit tracks are shown in S/ Appendix, Fig. S18) from the first 3 y (2007 to 2009) to the last 3y (2017 to 2019). (K) Spatial distribution
of AERONET AOD trend (1 per year) from 2008 to 2019. (L) Time series of AERONET AOD and IASI DOD anomalies at AERONET sites over West and South Asia
from 2008 to 2019.
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Fig. 3. Surface warming, Arctic amplification intensity, land-sea temperature contrast, and zonal wind. (A) Spatial distribution of surface temperature changes
from Pre-period to Post-period. (B) Time series of Arctic amplification intensity anomalies over the 2008 to 2019 period. (C) Time series of averaged zonal wind
at 850 hPa over the 2008 to 2019 period in the main dust transport region of West and South Asia (20°N to 30°N, 40°E to 70°E, black dashed square in A).
(D) Time series of land-sea temperature contrast over the 2008 to 2019 period. Land areas and sea areas are delineated in Fig. 1 A and B.

Arctic amplification affects atmospheric circulation, which con-
sequently regulates dust transport. In the upper atmosphere, Arctic
amplification weakens the polar jet stream by reducing the thermal
contrast between the Arctic and mid-latitudes, favoring larger
amplitude planetary (Rossby) waves (66, 67). This allows cold
polar air to move further south, bringing disturbances to the
mid-latitude atmospheric circulation (43). To verify the impacts
of Arctic amplification on dust activities in India and its source
regions, we show the differences in large-scale atmospheric circu-
lation between the Pre-period and the Post-period (Fig. 4). We
observe a cooling in surface temperature in West Siberia (Fig. 34),
which corresponds to decreased pressure level in the upper atmos-
phere, generating a deepened trough stretching from West Siberia
to Northeast India (Fig. 44). Northwesterly winds behind the
trough bring cold air from high-latitude regions, leading to ele-
vated pressure in the lower atmosphere (see the purple line in
Fig. 4B). As a result, easterly and southeasterly wind anomalies
are found over the Middle East, South Asia and the Indian Ocean,
which reduce dust transport from Northeast Africa to the Middle
East and further to the Indian subcontinent (Fig. 4B). The zonal
mean wind from 20°N to 30°N indicates easterly wind anomalies
throughout the lower troposphere (Fig. 4C). Particularly at the
surface level, we also observe a decreasing trend of zonal wind in

PNAS 2024 Vol.121 No. 14 2317444121

the main dust transport region of West and South Asia (Fig. 30),
which is also coupled with the regional land-sea warming contrast.
Compared with sea surface temperatures in the Arabian Sea, the
land surface temperature of the Arabian Peninsula exhibits a sig-
nificantly higher increase (Fig. 34). The land-sea temperature
contrast defined as surface temperature difference between the
Arabian Peninsula and the Arabian Sea shows an increasing trend
(Fig. 3D). This regional warming disparity leads to an intensified
sea-breeze-like circulation, partially contributing to the easterly
wind anomaly and effectively suppressing the transport of dust
from the Middle East to South Asia.

Apart from transport processes, anomalies in atmospheric cir-
culation can also disrupt hydrological cycles and surface winds,
therefore modifying dust emission and deposition processes in West
and South Asia. The spatial distribution of dust emission index
(DEI) over the period of 2008 to 2019 shows that dust emissions
are more intense in the Thar Desert, Middle East, and North Africa
(SI Appendix, Fig. S3A), in line with previous studies (68, 69). DEI
generally decreases in West and South Asia, particularly in the
Middle East and border regions of India and Pakistan (S Appendix,
Fig. S3B). Dust emissions in these arid and semi-arid regions are
predominantly influenced by soil wetness, surface wind speed and
vegetation coverage (24, 70). Dust emission in the Middle East is

https://doi.org/10.1073/pnas.2317444121
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Fig. 4. Spatial distribution of changes in geopotential height, atmospheric
circulation, and temperature. (4) Spatial distribution of geopotential height and
wind changes at 100 hPa. The brown line represents the location of trough. (B)
Spatial distribution of averaged DOD over the 2008 to 2019 period and wind
changes at 850 hPa. The climatology of wind vectors is shown in S/ Appendix,
Fig. S1B. Purple lines indicate increased geopotential height of 8 dagpm at 850
hPa. (C) Changes of zonal mean air temperature and wind from 20°N to 30°N
(as in the box of Fig. 3A). Vertical velocity is amplified by a factor of 10 for clarity.

the major dust source of this region (S Appendix, Fig. S4A) because
of low soil water content (S7 Appendix, Fig. S4B) and high surface
winds (S Appendix, Fig. S4C) in the Arabian peninsula. The same
conditions are also observed in border regions of India and Pakistan
(81 Appendix, Fig. S5). Here we show that there is an increased
normalized difference vegetation index (NDVI), elevated soil mois-
ture, and weakened 10 m wind speeds around the Persian Gulf
(SI Appendix, Fig. S6 B-D), contributing to a remarkable decrease
in dust emissions in this region (S Appendix, Fig. S6A). Similarly,
we find that soil moisture increases and 10 m wind speed decreases
in border regions in northeastern India (S/ Appendix, Fig. S6 Fand
G). However, these changes are comparatively less significant than
those observed in the Middle East. The combination of enhanced
soil wetness and weakened surface wind in these regions suppresses
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the amount of potential dust that can be emitted into the atmos-
phere, contributing to the lower dust loading observed during the
Post-period.

We also detect enhanced precipitation over certain parts of the
oceans surrounding the Middle East and South Asian subconti-
nent (8] Appendix, Fig. S7 A and D), contributing to a stronger
deposition. Southeasterly wind anomalies bring abundant mois-
ture from the Indian Ocean to the Middle East (S/ Appendix,
Fig. S7B), accompanied by enhanced vertical velocity (ST Appendix,
Fig. S7C), causing a remarkable enhancement in precipitation in
this region (S Appendix, Fig. S7A). The changes in both sources
and sinks, accompanied by a decline in remote transport, lead to
a more significant decline in DOD over the oceans (Fig. 17). We
selected three sections in this region in Fig. 54, denoted as sec-
tion S1 (15° to 35°N, 40°E), S2 (15° to 35°N, 62°E) and S3 (15°
to 35°N, 73°E), to quantify anomalies of dust flux transported to
the Middle East and South Asia over the 2008 to 2019 period.
Dust transport fluxes at these three sections mostly display nega-
tive anomalies during the Post-period (Fig. 5 B-D).

Attribution Analysis of DOD Decline. While the changes of dust
loading and its transport and emissions (both in terms of linear
trend during the entire period, as well as the epoch difference
between the Pre-period and the Post-period) are consistent with
the AAI trend and the diagnosed trends of circulation and regional
climate, we further verify the causality by attribution analysis based
on CMIP6 model experiments. GHG-only forcing simulations
show consistent decreasing trend of dust loading in West and
South Asia, while aerosols-only and land use-only forcings
simulations produce increased dust in West Asia (S/ Appendix,
Fig. S8). As limited models in CMIPG6 provide dust loading
output and substantial uncertainties remain in modeling dust
processes (71), we opt to compare the ensemble mean atmospheric
circulation and surface meteorological conditions with observed
patterns to strengthen the attribution. The historical and GHG-
only model results are consistent, and both are in good agreement
with the circulation changes shown in the reanalysis from the
Pre-period to the Post-period with respect to geopotential height
and wind patterns (Fig. 6 A-D). AAI derived from historical and
GHG-only simulation also show similar trends with the ERA5
reanalysis during the period of 2008 to 2019 (S Appendix,
Fig. §9). Note the main troughs shown in Fig. 6 A and Care in
similar locations as in the reanalysis. Correspondingly, the lower
atmospheric circulation over West and South Asia exhibits an
easterly wind anomaly (Fig. 6 B and D). Elevated soil moisture
and weakened surface wind speeds around the Persian Gulf and
in border regions of northeastern India are also detected from
GHG-only model results (S] Appendix, Figs. S10 Aand D and S11
Aand D). The aerosols-only simulations exhibit different patterns
of geopotential height and circulation in both the upper and lower
layers (Fig. 6 E'and F), which do not resemble the diagnosed main
circulation patterns that drive dust changes. Furthermore, even
with reduced surface wind speeds, soil moisture exhibits opposite
changes to the patterns in reanalysis data in West Asia and border
regions of India and Pakistan (87 Appendix, Figs. S10 B and E
and S11 Band E).

Previous studies highlighted the contributions of local land use
changes to the decline of dust loading in West and South Asia
(47, 49), and here we also evaluate the response of dust loading
to the land use-only forcing. As the land use forcing simulations
were only extended to 2014, we conducted a similar analysis from
2008 to 2014 with the results obtained from historical simulations
covering the same period (S7 Appendix, Fig. S12). Land use forcing
induces an unfavorable atmospheric circulation condition for
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Fig. 5. Annual dust flux anomalies. (A) DEI, atmospheric circulation at 850 hPa and locations of three sections (blue line S1: 15° to 35°N, 40°E, yellow line S2: 15°
to 35°N, 62°E and purple line S3: 15° to 35°N, 73°E). Vertically integrated dust flux anomalies at section (B) S1, (C) S2 and (D) S3.

declining dust loading over West and South Asia, which is not in
line with the patterns observed in both reanalysis and historical
simulations. Soil moisture and surface wind speeds from land
use-only model results also show inconsistency with patterns in
reanalysis data (S Appendix, Figs. S10 Cand Fand S11 Cand F).

Responses of dust loading in West and South Asia to an extreme
CO, concentration enhancement are also evaluated to further
support our primary conclusion of attributing DOD decline in
these regions to Arctic amplification. Average dust loading over
West and South Asia during the longer period of 1979 to 2014
decreases when CO, concentrations are four times higher than the
historical values, particularly in South Asia (57 Appendix, Fig. S13A4).
The annual load of dust over West and South Asia is consistently
lower in most years during this period (S Appendix, Fig. S13B),
with decreased zonal wind anomaly (S7 Appendix, Fig. S13C) caused
by consistently increased AAI (S] Appendix, Fig. S13B) and land-sea
temperature contrast (SI Appendix, Fig. S13C). Large-scale atmos-
pheric circulation also shows a similar weaker low-pressure center
over West Siberian in the upper atmosphere and a high-pressure
center over the Iranian Plateau in the lower atmosphere (S7 Appendix,
Fig. S13 E and F), creating easterly wind anomalies that inhibit
dust transport from the Middle East to South Asia.

Discussion

While some previous studies demonstrated the influence of land
management practices on dust loading reduction in West and
South Asia (44, 46, 47, 49), our research provides an additional
dimension to this understanding by shedding light on the role of
climate change-induced alterations in atmospheric circulation.
Undoubtedly local land management remains a vital contributor
to dust loading dynamics, and our findings, by showing the indirect
effect of circulation on local rainfall and soil moisture, corroborate
the efficacy of sustained vegetation expansion in mitigating dust
emissions. However, the insight from our analysis is the increasingly
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dominant influence of circulation change on the broader global
climate context. Changes in atmospheric circulation patterns,
driven by global climate dynamics shifts, have emerged as the prin-
cipal driver behind the observed recent dust reductions in West
and South Asia. Similar results, that emphasize the dominant role
of changes in atmospheric circulation apart from local land man-
agement, have also been detected in other dust-vulnerable regions
of the world such as East Asia (72—74), North Africa (75, 76), and
West Australia (77, 78).

Since dust aerosols are net climate coolers, we used CMIPG
simulation outputs and conducted Community Earth System
Model (CESM) simulations to explain how declining dust affects
temperature and AAI. We find that reduced aerosols cause warm-
ing in mid-latitudes of the northern hemisphere but create less
influences on the Arctic (S Appendix, Fig. S14A), which decreases
AAI from 2008 to 2019 (8! Appendix, Fig. S14B). Our CESM
simulations also confirm that radiative effects of dust are limited
to high dust loading areas (S Appendix, Fig. S15), suggesting that
declines in dust in West and South Asia might not affect Arctic
warming to enhance AAIL This feedback is masked by continu-
ously increasing amount of GHGs. The decreasing dust loading
in West and South Asia may be considered as a positive trend, but
it still underscores the ongoing need to address dust issues in this
region. The shift in dust loading caused by Arctic amplification
under the background of global warming in recent years provides
hints on potentially negative impacts on the environment in West
and South Asia with global efforts to curb future warming
(SI Appendix, Fig. S16). Dust loading declines after 2020 under
the high warming SSP585 scenario at the end of 21st century due
to higher GHG levels (87 Appendix, Fig. S16). However, dust
loading over West and South Asia is projected to decrease until
around 2050 and then increase toward the end of this century
under the SSP126 scenario (SI Appendix, Fig. S16), which is
highly associated with changes in GHG emissions under this sce-
nario (63). Overall, the dust loadings in the cleaner SSP126
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forcing experiments. (E) and (F) are from aerosols-only forcing experiments.

scenario which reaches carbon neutrality by mid-century is higher
than SSP585 projection by at least 10% in 2100 s.

These model projections suggest a possible increase in dust
loading in West and South Asia under a global “sustainability”
scenario with anthropogenic radiative forcing decreasing in the
future. Therefore, we argue that in addition to controlling GHG
emissions, more local efforts need to be devoted to countering
desertification in West and South Asia to reduce potential natural
dust emissions. In arid and semi-arid regions, continued deserti-
fication due to human activities could worsen airborne dust level,
even when weather conditions are not conducive for dust emission
(79, 80). Although natural sources contribute more significantly
to total dust loading, rapid urbanization, and industrialization,
along with increased construction activities, road dust, and vehic-
ular emissions, also contributed to high levels of anthropogenic

https://doi.org/10.1073/pnas.2317444121

dust emissions in West and South Asia in recent decades (81, 82).
Recent declines in total DOD did not necessarily imply an
improved surface air quality in the future, and more attention is
still needed to monitor urban-level dust concentration.

Besides, a decrease in dust load may contribute positively to
dust exposure and respiratory health; it could also result in
increased warming over the coming critical decades (83, 84). Partly
due to the continuous decline in dust loading under the SSP585
scenario, the surface temperature of West and South Asia tends to
increase at a faster rate in the later years of 21st century, and the
temperature differences can reach as high as ~0.4 °C (S Appendix,
Fig. S17A). While with high dust acrosol under the SSP126 sce-
nario, surface temperature of West and South Asia are generally
lower than the global mean (S Appendix, Fig. S17B). Debnath
etal. (85) concluded that 30% to 60% decrease in dust loading
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over West and South Asia in June—July—August—September season
of 2017 led to 15 to 30 W m ™ increase in clear-sky surface net
radiation. Asutosh et al. (46) reported that the 17% decline in
DOD over the North-Western part of India from 2001 to 2015
led to increases in the top and bottom of the atmosphere shortwave
radiative forcing (7 and 11.6%, respectively), but an overall decline
in the atmospheric heating and atmospheric radiative forcing
(~16%). Based on our CESM2 simulation results, annual average
surface air temperature in West and South Asia increases about
0.15 °C in 2008 if dust loading declines to zero. All these results
suggest that residents in West and South Asia are likely to experi-
ence higher temperature if the declining trend persists. Such an
increase in temperature due to declining dust could amplify health
harms under the context of rapid ongoing urbanization and
increasing GHGs.

Materials and Methods

Satellite Retrievals and Reanalysis Data. Daily gridded 10 um DOD and dust
layer height at 9:30 am and 9:30 pm from January 2008 to December 2019
were obtained from the IASI level 2 product (https://iasi.aeris-data.fr/). The spatial
resolution used in this study was 0.5° x 0.5°. IASl is a high-resolution infrared
sounderinstrument launched onboard the European Meteorological Operational
satellite (METOP) to measure the Earth's atmosphere infrared radiation (86). IASI
provides global retrievals of DOD and dust layer height atinfrared bands, showing
high quality in capturing the spatiotemporal variability of dust in comparison to
ground measurements from the AERONET (53, 54). We calculated DOD anomalies
by subtracting average DOD over the whole study period of 2008 to 2019.

In this study, we used the combined Dark Target/Deep Blue (DT/DB) AOD
product (87, 88), an integral component of the MODIS-Aqua Collection 061
(MYD04-C061) dataset from May to July for the period of 2003 to 2019. The
data were at 10 km x 10 km resolution but were regridded onto a 0.25° x 0.25°
uniform grid on a daily basis. Specifically, the AOD product at 0.55 um obtained
from the Aqua satellite was used for the present work. AOD retrieval over land is
facilitated by two distinct operational algorithms: the Dark-Target (DT) algorithm,
optimized for vegetated land surfaces (87), and the deep blue (DB) algorithm,
designed for use over bright surfaces such as arid and desert regions (89). The
best quality AOD retrievals with Quality Assurance (QA) value of 3 were used to
ensure stringent cloud filtering.

The DOD was also obtained from CALIOP onboard Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSQ) for the period of 2007 to
2019. Specifically, we employed Level 3 tropospheric aerosol profile cloud-free
version 4.21 product to construct monthly mean dust AOD across a consistent
spatial grid within the troposphere. The estimation of DOD in level 3 data product
was derived by analyzing level 2 dust extinction profiles over a uniform spatial
grid (2° latitude x 5°longitude) throughout the troposphere, reaching an altitude
of 12 km. The creation of Level 3 datasets involved a systematic evaluation of
atmospheric conditions, encompassing both sky conditions and lightning events,
and was conducted on a monthly basis.

We also used the CALIOP-based level 2 version 4.20 standard aerosol profile
products (vertical and horizontal resolution: 60 m x 5 km, temporal resolution:
5.92 s) to examine the vertical distribution of dust aerosols. We obtained extinc-
tion coefficientat 532 nm and aerosol subtypes for the present study. The hybrid
extinction retrieval algorithms were used to retrieve aerosol extinction profiles,
using the assumed lidar ratios appropriate for each aerosol type (90, 91). In the
present study, we segregated aerosol signals based on the "CAD (Cloud-Aerosol
Discrimination) score” given in CALIPSO profile products (92, 93). The sign and
absolute value of the CAD score determined the object type (positive: cloud; neg-
ative: aerosol) and the confidence level of the classification. We selected aerosol
signals with CAD score less than —70 for the present study (94). Additionally,
aerosol profiles with extinction QC(Quality Control) flags of 0 and 1 were consid-
ered in the analysis, which help to reduce some large errors due to the non-linear
behavior of the AOD retrievals (95). The DOF was calculated by dividing the total
number of dust samples by the total number of CALIPSO measurements. The
percentage change in DOF was the difference of DOF between the first three
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consecutive years (2007 to 2009) and the last three consecutive years (2017 to
2019) over the Middle East region. The daily version 3 level 2 spectral deconvo-
lution algorithm (SDA) retrieval of total and coarse mode AOD at 500 nm from
AERONET over 2008 to 2019 was also used in this study. It is a quality-assured
product with pre- and post-field calibration applied (automatically cloud cleared
and manually inspected). We only selected sites with over 75% data coverage in
each year during the study period of 2008 to 2019.

The monthly Level 3 global NDVI was retrieved by the MODIS instrument
aboard the Terra satellite. The spatial resolution of this dataset was 1 km x
1 km. Meteorological variables including monthly gridded surface temperature,
10-m wind speed, geopotential height and u- and v-components of wind at
various layers (100,200, 850 hPa), vertical velocity at 500 hPa, total precipitation,
vertical integrated moisture divergence were taken from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5 (ERAS) dataset
(96). The spatial resolution of all these variables was 0.25° x 0.25°.

Climate Model Outputs. The historical simulations driven by time evolving
single forcing of GHG-only and aerosols-only from the detection and attribution
model intercomparison project (DAMIP) in CMIP6 were employed in this study
to evaluate climate response to individual forcings (97). We compared monthly
gridded dust loading, geopotential heights, zonal and meridional winds, sur-
face temperature, surface wind speed and soil moisture with observations to
test attribution hypothesis. To cover the study period spanning from 2008 to
2019, following previous studies (98, 99), historical simulations were extended
for2015t0 2019 using corresponding SSP245 scenario simulations as GHG-only
and aerosols-only simulations for 2015 to 2020 follow the SSP245 scenario (97).
We only adopted outputs from 2008 to 2014 in land use-only simulation because
of data limitation. When multiple runs were available from a model, we utilized
only the first run to ensure equal weighting for each model in this analysis. The
model output was interpolated to 2° x 2.5° grids before further analysis. The list
of selected models is shown in S/ Appendix, Tables S1-S3.

We compared monthly gridded outputs of the historical atmospheric model
intercomparison project (AMIP) and the AMIP-4 x CO, experiments in CMIP6 to
evaluate and quantify the impacts of CO,-induced climate change on dust loading
in West and South Asia. The AMIP experiment uses observed sea surface tem-
peratures and sea ice concentrations as boundary conditions, while allowing the
atmosphere to freely evolve. The AMIP-4 x CO, was identical to the AMIP, except
thatthe CO, concentrations were set at four times the AMIP concentrations (100).
Selected variables in the analysis include loads of dust, surface temperature,
geopotential heights, and zonal and meridional winds. The simulation period
was 1979 to 2014 and the model output was also interpolated to 2° x 2.5° grids.
The list of selected models is shown in S Appendix, Table S4.

We also analyzed dust loadings over the period of 2020 to 2100 under the
SSP126 and SSP585 scenarios from CMIP6 to determine future shift of dust
loading in West and South Asia under high and low GHG emission scenarios.
SSP126 is a Sustainability pathway that follows low carbon development, but
SSP585is a "Fossil-Fueled Development” pathway that assumes a heavy reliance
onfossil fuels and a slow transition to low-carbon energy sources (101, 102). We
used bilinear interpolation to regrid model outputs onto 2° x 2.5° grids and
calculated average dust loading under both SSP126 and SSP585 scenarios. The
list of selected models is shown in S/ Appendix, Table S5.

Dust Emission Index and Dust Horizontal Transport Flux. Following Chédin
etal.(103), we defined monthly dust emission index (DEI) as the frequency of
occurrence, normalized by the proportion of cases observed with simultaneous
high DOD (=0.5) and low dust layer mean altitude (<1.1 km), because this
simultaneous occurrence helps distinguish newly emitted dust from the aged
dust transported at higher levels. To quantify horizontal transport of dust, we
adopted the approach of Yu etal.(40) and developed an approximate estimation
of dust fluxin the zonal direction by combining averaged zonal wind (from ERA5)
beneath the dust layer height (from IASI) with total IASI DOD since we have limited
information of vertical profiles of dust mass.

CESM Experiment. CESM v2.1.3 was used to explore global dust radiative

effects. The chosen component set (compset) for this study was FWHIST, the
robustness of which has undergone extensive validation (103). Detailed settings
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of FWHIST can be found in our previous study (104), and here we incorporated
a diagnostic calculation to quantify dust radiative influences by turning off dust
radiative effect in CESM.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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