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Estimate of the variability in the aerosol-free clear-sky outgoing shortwave radiation

We calculate radiative kernels (Soden et al., 2008; Shell et al., 2008) to estimate the change in aerosol-free clear-
sky outgoing shortwave radiation (rsutcsaf) due to perturbations in surface albedo (salb), water vapor (WVP),
and ozone (qo3). The variability in rsutcsaf is then estimated from (o - salb+ - WV P + v - qo3) swdn where
a= ggifﬁ, 8= 3?,’[}‘%%) and v = %’; leb. swdn and palb are the incoming shortwave flux at the top of the atmosphere
and the planetary albedo, respectively. The «, 8, and ~ radiative kernels are derived using the AM3 radiative
model.

We evaluate our methodology by comparing the annual variability of rsutcsaf calculated in CERES SYN over
the 2001-2015 period with that estimated using the radiative kernels introduced above. CERES SYN rsutcsaf
is calculated using surface albedo, water vapor, and ozone constrained by observations inputted into a radiative
transfer code. We use the same surface albedo, water vapor, and ozone in conjunction with our Jacobian to estimate
the variability in rsutcsaf. Figure S1 shows the root mean square (RMS) of the annual anomaly in rsutcsaf from
SYN (panel A) and how it is reduced by applying in succession the correction terms for surface albedo (« - salb),
water vapor (8- WV P), and ozone (v - go3). Correcting for changes in the salb reduces the RMS over most land
regions (Figure S1B). However, the RMS remains large over the Sahara, Australia, the Amazon, and North America.
It is further reduced once changes in water vapor and to a lesser extend ozone are accounted for (Figure S1C and
D).
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Figure S1: Root mean square of the annual anomaly in the outgoing clear-sky shortwave radiation without aerosols
(Rsutcsaf) and its decrease after accounting for the effect of albedo (B), albedo and water vapor (C), albedo, water
vapor, and ozone (D). The area weighted RMS over land from 60S to 60N is in indicated in each panel



Table S1: Observation-based and simulated estimates of the decadal trend in DRESY. (W m™2 decade™!) in selected
regions from 2001 to 2015

EBAFR SYN EBAF¢ EBAFy AM3
Eastern US 3 18 [L221] 14 [L0L7 09 [0614 08 [0.609]
Western Europe * * 14 [1.21.6] 1.0 [0.71.1] 07 0408 0.6 [0.3 0.8]
India 05 [0207 -1.9 [2.2-12] -1.5 [1.9-1.2] -1.0 [1.3-0.6] -24 [2.7-2.2
Eastern China -0.8  [-1.4 -0.4] * * * * * * 1.3 [-1.7-0.9]

@ The trend is estimated using the Theil-Sen method. Bootstrap estimates of the 95% confidence interval are
indicated in bracket. * denote non significant monotonous change at p=0.05



JUedYTUSIS UOU 9J0UIP ,, “JONIRIC UI PIYRIIPUI dIR

¢0'0=d e 98ueyd SnouojouOW

[RAIYUT DOUIPYUOD UGG o) JO sofetr)so delsjooq “POYIDW UDG-[IOYT, oY) SUISN POJRIIISS ST PUI) 9T, ,

o1-c¢e] 12 |loce6el1e  leeteelLe | o1y lz1c70] 60 [zz'60) 61 [zT'¢0) T'T SNV
(2071 « [F0-z1]60- [90-9T-]80- | [1€TT0%C (5100 « 2101l 21 [eT'¢0) 0T Navad
(80271 « 90-ze]z1- [re-‘eelee | [eviiel ee lzzicol €1 a1l 81 [9°T°9°0] ¥'1 oavad
6121 « 90-‘zelvi- [reteeloe | [Fvoe 9¢ LzeTl e [zeoe) ¢z [zze1l 81 m%m
M a
[zzozrol cro | [8T0'TT°0] ST°0 [21°0°0T°0] €1°0 | [F0O°0-20°0-] €0°0-  [10°0-°0°0-] €0°0- | [£0°0-80°0-] 0°0-  [10°0-‘C0°0-] ¥0°0- NV
[21°0°200-] « [90°0°10°0) €00 [€1°0°20°0] 0T°0 | [0T°0-‘sT°0-] TT°0- [90°0-‘01°0-] 20°0- | [S0°0-‘0T°0-] 90°0-  [F0°0-20°0-] 90°0- HOLVIN
[0°0°T0°0] « [20°0°€0°0] €070 | [20°0-2T1°0-] 80°0-  [10°0-F0°0-] 20°0- | [20°0-'90°0-] €0°0- [20°0-F0°0-] €070~ HSIN
[80°0°80°0-] « [60°0°€0°0] 200 [¢T°0°80°0] TT°0 | [20°0-°21°0-] 0T'0- [10°0-°90°0-] #0°0- | [20°0-'G0°0-] €0°0- [20°0-°90°0-] c0°0- | (VADV) SIAON
[L0°0'70°0-] « [£0°0°00°0] 700 [9T°0°0T°0] €T°0 | [60°0-°9T°0-] TT°0- [10°0-°90°0-] ¥0°0- | [30°0-°20°0-] 0°0- [20°0-"C0°0-] ¥0°0- | (VHHHEL) SIAON
aov
INVIN INVIN Ara v INVIN ver INVIN
@QMQO Qmwumdm d:uQH mD Q.Houm»mm QQO,HSM Q(H@awﬂw\(/

¢I[0

»GT0T 0} Z00Z WO} SUOSBAS PUR SUOLIII
P3OR[S 10} (;_OPRIDP , UL A\ ‘WM () 9950 SAIJRIPRI OABMYIOUS AYS-IBI[D J091Ip PUR (JOV O3 103 SPUSL} [RPRISD POJRIUILS PUR PISR]-UOIIRAIS]() ZS O[qRL



Table S3: Observation-based estimates and simulated decadal trends in surface broadband albedo from 2002 to
2015 over India® (decade™?)

DJF MAM
SYN -9.6x1072[0.129] -8.7x10~3[0.128]
EBAF | -1.3x1072[0.135] -9.9x1073]0.131]
|
|

MODIS | -6.1x1073[0.158] -7.5x1073[0.163]
AM3 -2.6x1073[0.166] *0.151]

2The average over the period 2002-2015 is shown in bracket. Trend is estimated using the Theil-Sen method. *
denotes non significant monotonous change at p=0.05. SYN, EBAF, and MODIS refer to CERES SYN, CERES
EBAF, and MODIS albedo, respectively



Table S4: Aerosol radiative forcing under all-sky and clear-sky conditions for 2001 relative to 1850 ¢

All-Sky Clear-Sky
Anthropogenic dust -0.01 [-0.05¢] -0.09 [-0.07¢]
Organic Carbon -0.06 [:0.09%,-0.06¢]  -0.10 [-0.08°]
Sulfate 043 [-0.32+ 0.15°,-0.28¢] -0.73 [-0.38¢]
Nitrate 0.05  [-0.08£0.04°-0.071¢]  -0.08 [-0.107]
Black Carbon 045  [0.18+0.07°,0.08°]  0.36 [0.06°]
Total 0.09  [-0.27+0.15°-0.36°] -0.64 [-0.67+0.18"-0.57¢]

@ in Wm™?
b Brackets denote estimates from the AEROCOM project for year 2000 (Myhre et al., 2013)
¢ Heald et al. (2014) for 2010
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Figure S2: CMIP6 ammonia emissions for India with seasonality from CMIP6 (black) and AIRS (red)
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Figure S3: Seasonal changes in the aerosol optical depth (AOD) and clear-sky shortwave aerosol direct radiative
effect (DRESY) in Eastern China (Fig. 3) using MEIC emissions over China (see text). The top row shows the AOD
retrieved from different spaceborne instruments (MODIS-Terra (lines), MODIS-Aqua (cross), MISR (diamond))
and the simulated AOD decomposed into its components (bars). The second row shows the simulated clear-sky
shortwave aerosol direct radiative effect of individual aerosols (bars) and the overall aerosol direct radiative effect
(white circle). The bottom row shows observation-based and simulated estimates of changes in the aerosol direct
radiative effect.
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Figure S4: Meridional change in the source of SOy (top), conversion efficiency (1) between SO, and SO3~, and
change in 1 from 2001 to 2015
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