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Table S1: Field campaign data used for validation. Adapted from [12].

Campaign Year Coverage Flight Hours Environment Reference
CONTRAST 2014 20◦S-40◦N, 132◦E-105◦W 71 Tropical warm pool [1]

HIPPO 2009-2011 67◦N-87◦N, 128◦W-90◦W 118 Pacific ocean [2]
NSF-DC3 2012 25◦N-43◦N, 106◦W-79◦W 73 Continental United States [3]
ORCAS 2016 75◦S-18◦S, 91◦W-51◦W 41 Southern ocean [4]

PREDICT 2010 10◦N-29◦N, 87◦W-38◦W 92 Tropical Atlantic ocean [5]
START08 2008 26◦N-63◦N, 117◦W-86◦W 55 North America [6]
TORERO 2012 42◦S-14◦N, 105◦W-70◦W 54 Tropical eastern pacific [7]
ATTREX 2014 12◦S-36◦N, 134◦E-117◦W 128 Western Pacific tropical tropopause [8]
MACPEX 2011 26◦N-41◦N, 104◦W-84◦W 31 Southern United States [9]
NASA-DC3 2012 30◦N-42◦N, 117◦W-106◦W 29 Continental United States [3]
POSIDON 2016 1◦S-15◦N, 131◦E-161◦E 41 Western Pacific warm pool [10]
SEAC4RS 2013 19◦N-50◦N, 80◦W-120◦W 15 South eastern United States [11]

Table S2: Ground sites used for validation. The location of each site is depicted in
Figure S1. Adapted from [17].

Site Period Altitude Predominant Cloud Regime Reference
NSA 07/2014 - 08/2021 Surface to 4 km Polar stratocumulus [13]
SGP 01/1997-08/2021 Surface to 4 km Continental stratocumulus, Cirrus [13, 14]
MAO 03/2014-12/2015 Surface to 14 km Convective [15]
COR 04/2018-04/2019 Surface to 4 km Orographic cumulus [13]
ENA 10/2014-07/2021 Surface to 4 km Marine stratocumulus [13]
ASI 09/2016-10/2017 Surface to 4 km Marine cumulus and stratocumulus [13]
PGH 06/2011-03/2012 Surface to 4 km Continental stratocumulus [13]
TWP 12/2010-01/2015 Surface to 4 km Convective [13]
MAN 07/1999-12/2010 6 - 14 km Cirrus [14]
LIM 02/2016-03/2018 6 - 14 km Cirrus [16, 17]
LEI 08/2011-09/2016 6 - 14 km Cirrus [16, 17]

Table S3: Summary of variables and inputs
used for computing uncertainty in global radia-
tive forcing from cloud microphysical effects.

Variable Values / Description
Preindustrial year 1900, 1901, 1902, 1903, 1904
Present day year 2015, 2016, 2017, 2018, 2019
Reanalysis MERRA2, ERA5, Combined
Vertical Level 975, 950, 925, 900, 875 (hPa)
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Supplementary Figure S1: Location of the ground sites described in Table S2.
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Supplementary Figure S2: Workflow for the estimation of the global distribution of
σW . The vectorX in each case represents the state (winds, temperature, density, water
amount and coarse metrics of turbulence) obtained at the global model resolution (∼
0.5◦). Steps 1 and 2 represent the development of the Wnet model detailed in reference
[17]. The discriminator is an auxiliary neural network that filters out experimental
error and guides Wnet to encode the true statistics of σW . Step 3 is performed in this
work.
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Supplementary Figure S3: Adaptation of Wnet as a foundational model for
subgrid-scale variability to estimate σW from ERA5 data. (a) The original Wnet archi-
tecture, where black, yellow, and green represent the input, hidden, and output layers,
respectively. (b) The modified architecture used to estimate σW from ERA5 data. Blue
represents the transformational layer added to translate the input state. The dotted
box indicates that the Wnet layers remain frozen during the training of the transfor-
mational layer. Here, Ns denotes the number of samples.
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Supplementary Figure S4: Global trends in σW . Panels (a-c) show the annual
mean σW for the period 1980− 2022 computed from the MERRA-2 reanalysis on 3 h
intervals. Panels (d-f) show the deseasonalized linear trend, relative to the long-term
mean, derived from monthly means. Stippling highlights statistical significance at the
95% level. Panels (g-i) show the evolution of global average trend at each level. The
long-term mean is displayed at the top right corner.
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Supplementary Figure S5: Decadal mean anomaly in σW for different vertical levels
derived from the MERRA-2 reanalysis. Stippling highlights statistical significance at
the 95% level.
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Supplementary Figure S6: Global trends in σW . Panels (a-c) show the annual mean
σW for the period 1980−2022 computed from the ERA5 reanalysis. Panels (d-f) show
the deseasonalized linear trend, relative to the long-term mean. Stippling highlights
statistical significance the 95% level. Panels (g-i) show the evolution of global average
trend at each level. The long-term mean is displayed at the top right corner.
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Supplementary Figure S7: Decadal mean anomaly in σW for different vertical levels
derived from the ERA5 reanalysis. Stippling highlights statistical significance the 95%
level.
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Supplementary Figure S8: SHAP values computed for σW [18]. These values rep-
resent the effect of each input on the overall deviation in σW from its base value. Each
dot is a instance of the sampled values. All inputs were standardized as described in
reference [17]. Red dots to the positive side of the SHAP axis indicate that increasing
the input causes a positive deviation from the average (vice versa for blue dots). Inputs
to the Wnet model include the planetary boundary layer height (PBLH, in m), total
integrated water vapor (TPW , in kg m−2), 3-dimensional wind velocity components
(U, V,W , in m s−1), water vapor, liquid, and ice mass mixing ratios (Qv, Qliq, Qice, in
kg kg−1), air density (ρa, in kg m−3), and air temperature (T , in K).
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Supplementary Figure S9: Change in σW using the MERRA-2 reanalysis over the
period 1900-2020 (∆σW ), droplet number concentration susceptibility to σW (β), and
associated shortwave radiative forcing (∆SW ).

Supplementary Figure S10: Change in σW using the ERA5 reanalysis over the
period 1900-2020 (∆σW ), droplet number concentration susceptibility to σW (β), and
associated shortwave radiative forcing (∆SW ).
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Supplementary Figure S11: Change in σW using the ERA5 reanalysis averaged
for different decades against the 1900-1905 average (∆σW ), and associated shortwave
radiative forcing (∆SW ).
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Supplementary Figure S12: Change in σW using the ERA5 reanalysis averaged
for the years 2015-2020 against different “beginning of the century” years (1900-1905)
(∆σW ), and associated shortwave radiative forcing (∆SW ).
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Supplementary Figure S13: Change in planetary boundary layer height (∆PBLH),
total precipitable water (∆TPW) and surface density (∆ρair,sfc) over the period 1900-
2020.
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Supplementary Figure S14: Change in air temperature (T ), air density (ρair), 3-
dimensional wind velocity components (U, V,W , water vapor, liquid, and ice mass
mixing ratios, (Qv, Qliq, Qice), over the period 1900-2020, averaged between 875 and
975 hPa.
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