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Supplementary Table 1 Asian sulfate-induced changes in precipitation and
extreme precipitation over arid Central Asia (ACA). Percentage changes (%)
induced by increasing Asian sulfate (SULx10Asia) in JJA total precipitation (PRECT),
convective precipitation (PRECC), large-scale precipitation (PRECL), the extreme
precipitation (R95p), the frequency and intensity contribution to R95p for individual

models and multi-model mean (MMM) over the ACA region.

PRECT PRECC PRECL R95p Frequency Intensity

GISS-E2 2.0 0.5 3.6 -10.9 -12.5 -1.8
HadGEM3-GA4 18.9 15.9 36.9 16.6 19.4 1.5
IPSL-CM5A 11.8 12.6 11.6 4.1 4.0 1.8
MIROC 15.7 252 94 14.3 9.0 4.3
CAM4 19.5 24.8 9.7 12.5 20.5 -5.3
CAMS 16.2 14.2 19.9 14.2 14.1 -0.5
NorESM1 15.8 22.5 4.1 0.9 9.5 -4.2

MMM 143+6.0 16.5£8.7 13.6£11.6 7.4+10.0 9.2+11.2 -0.6+3.4




(a) MERRA-2 AOD (b) MERRA-2 AOD trend
90°N ] - 1 L - :

60N | Es
30°N A

0°

30°S -
60°S
90°s T T T T T - 90°8 +—— T T T T T
180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180°
1 I I | [ — ——am ] I T I ——1
04 -03 02 01 0 01 02 03 04 04 03 02 01 0 01 02 03 04

Supplementary Fig. 1 Climatology and trend of Aerosol optical depth (AOD). (a)
Spatial pattern of annual mean AOD from 1980 to 2005 and (b) for annual AOD trend
(per 100 years) during the same period based on MERRA-2, available through
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2. Red box in (a) and (b)
indicates the ACA region and slanted lines in (b) represent significance at the 95%

confidence level by a standard t-test.



(b) HadGEM3-GA4
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(c) IPSL-CMS5 (d) MIROC-SPRINTARS
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(e) NCAR-CESM1-CAM4 (f) NCAR-CESM1-CAM5
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(g) NorESM1
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Supplementary Fig. 2 Asian sulfate-induced changes in precipitation over arid
Central Asia (ACA) for individual models. Geographical distribution of changes
induced by increasing Asian sulfate (SULx10Asia) in JJA total precipitation (mm
day!) for (a) GISS-E2, (b) HadGEM3-GA4, (c¢) IPSL-CM5A, (d)
MIROC-SPRINTARS, (¢) NCAR-CESM1-CAM4, (f) NCAR-CESM1-CAMS, and (g)
NorESM1. Red box in (a)-(g) indicates the ACA region and slanted lines represent

significance at the 95% confidence level by a standard t-test.
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(b) HadGEM3-GA4
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(f) NCAR-CESM1-CAMS5
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Supplementary Fig. 3 Asian sulfate-induced changes in westerlies for individual

models. Same as Supplementary Fig. 2 but for JJA westerlies at 200 hPa (m s!). Thin

black lines in (a)-(g) show the climatological westerlies and slanted lines represent

significance at the 95% confidence level by a standard t-test.



(a) JJA UV700 (b) JJA omega500
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Supplementary Fig. 4 Asian sulfate-induced changes in wind field and water
vapor flux. Geographical distribution of changes induced by increasing Asian sulfate
(SULx10Asia) in (a) JJA 700 hPa wind field (UV700, m s™), (b) vertical velocity at
500 hPa (Omega500, 0.01 x Pa s'), and (¢) water vapor flux at 700 hPa (vector, g
(hPa m s) ") and water flux convergence at 700 hPa (shaded, 10~ g (hPa m? s)!). Red

box in (a)-(c) indicates the ACA region.



(a) JJA U700 (b) JJA V700
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Supplementary Fig. 5 Observed trend of wind fields. Spatial pattern in trends of (a)
JJA westerly winds and (b) JJA southerly winds at 700 hPa (m s™! per 100 years) from
1961 to 2005 (NCEP/NCAR Reanalysis 1). Slanted lines in (a) and (b) represent
significance at the 95% confidence level. Red box in (a) and (b) indicates the ACA

region.
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Supplementary Fig. 6 Asian sulfate-induced changes in water vapor fluxes. The
changes induced by increasing Asian sulfate (SULx10Asia) of the multi-model mean
(MMM) in JJA water vapor fluxes (mm day™'), integrated between the surface and 300
hPa, through four boundaries of the ACA region. The ACA region is indicated with a
box. The sign of the moisture budget changes is positive (negative) if the water vapor

transports into (out of) the ACA box.
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Supplementary Fig. 7 Asian sulfate-induced changes in radiative forcing and air
temperature. The changes induced by increasing Asian sulfate (SULx10Asia) of the
multi-model mean (MMM) in (a) JJA aerosol optical depth (AOD), (b) effective
radiative forcing (ERF, W m™), (¢) zonally mean temperature (T, °C), and (d) zonal
mean temperature gradient (MGT, 103 °C km™). Thin black lines show the
climatological temperature in (¢) and temperature gradient in (d). Slanted lines in
(a)-(d) represent where MMM is more than 1 standard deviation of the PDRMIP

models away from 0.
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Supplementary Fig. 8 Asian sulfate-induced changes in geopotential height and

wind field. The changes induced by increasing Asian sulfate (SULx10Asia) of the

multi-model mean (MMM) in (a) JJA 200 hPa geopotential height (Zg200, gpm), (b)

JJA 200 hPa wind field (UV200, m s), (¢) JJA 500 hPa wind field (UV500, m s™),

and (d) JJA 700 hPa wind field (UV700, m s™).
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Supplementary Fig. 9 Asian sulfate-induced changes in aerosol radiative forcing.

The changes induced by increasing Asian sulfate (SULx10Asia) in (a) total effective

radiative forcing (ERF, W m), (b) direct effective radiative forcing, and (c) indirect

effective radiative forcing in NCAR-CESM1-CAMS, where total ERF = Direct ERF +

Indirect ERF. Slanted lines in (a)-(¢) represent significance at the 95% confidence

level by a standard t-test.
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Supplementary Fig. 10 Asian sulfate-induced changes in air temperature. The
changes induced by increasing Asian sulfate (SULx10Asia) of (a) JJA zonally mean
temperature (T, °C) and (b) zonal mean temperature gradient (MGT, 1073 °C km™) in
NCAR-CESMI1-CAMS. Thin black lines show the climatological temperature in (a)
and temperature gradient in (b). Slanted lines in (a) and (b) represent significance at

the 95% confidence level by a standard t-test.



Asian jet position and precipitation
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Supplementary Fig. 11 Asian sulfate-induced changes in Asian westerly jet
position and precipitation for total, fast, and slow responses. Changes in JJA Asian
westerly jet position (degree), JJA total precipitation (PRECT, 10" mm day™),
convective precipitation (PRECC, 107! mm day™'), and large-scale precipitation
(PRECL, 107! mm day™) for the multi-model mean (MMM) over ACA. Error bars of
MMM represent the standard deviation among the PDRMIP models.



(a) JJA U200 (BCx10asia) (b) JJA U200 (CO2x2)
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Supplementary Fig. 12 Changes in westerlies and precipitation induced by Asian
black carbon and greenhouse gases. Asian black carbon-induced changes
(BCx10asia) of the multi-model mean (MMM) in (a) JJA westerlies at 200 hPa (U200,
m s™') and (c) JJA precipitation (mm day™). (b, d) But for GHGs (CO2x2). Thin black
lines in (a, b) show the climatological westerlies and slanted lines in (a)-(d) represent
where MMM is more than 1 standard deviation of the PDRMIP models away from O.
Red box in (¢) and (d) indicates the ACA region.



(a) Anomaly for 2020 (b) Anomaly for 2021
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Supplementary Fig. 13 Observed JJA precipitation anomalies (%) for the years
2020 (a) and 2021 (b). The anomaly of precipitation is calculated by removing the
climatology for the period 1979-2021 based on CRU TS Version 4.06. Red box in (a)
and (b) indicates the ACA region.



