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Figure S1 | Ice number density in present-day simulations and DARDAR-Nice satellite retrievals, showing spatial
variability of in-cloud ice crystal number near -30°C (a) and global mean values across isotherms (b). Data in (a) is
normalized by each simulation’s global mean value to emphasize differences in spatial structure. This data includes only ice
crystals >5pum diameter within £1°C of each isotherm with gaps of 5°C. To reduce noise in (a), polynomial smoothing was
applied using a window of 20° latitude.
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Figure S2 | Supercooled liquid fraction in present-day simulations and CALIOP retrievals, shown by isotherm (a) and
also by latitude for the -20°C isotherm (b). Only clouds visible to CALIOP are shown, such that clouds under optically thick
cloud layers (optical depth 1>3) are ignored. Global mean values are in Table 1. As in Fig. S1a, polynomial smoothing was
applied to (b) using a window of 20° latitude.
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Figure S3 | Radiative kernels used in this study, showing impacts of % changes of each cloud type on shortwave (SW),
longwave (LW), and net (SW+LW) radiation. This is as in Fig. 1 of Zelinka et al. (2012a), but here SW influence is
averaged over surface albedo data from default CESM2.
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Figure S4 | Cloud types identified in ISCCP cloud histograms, showing changes to prevalence of 49 cloud types. Cloud
types are separated by cloud top pressure and optical depth and are shown as standard output for comparison with ISCCP.
Output from No INPs (A) is shown directly, while the other unadjusted experiments are shown as difference from these
cases for clarity. Note that the difference plots have a color bar ten times stronger than those for No INPs (A). Group B
experiments are shown separately in Fig. S5.
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Figure S5 | as in Figure S4 but among the Group B simulations, with experiments here compared to No INPs (B).
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Figure S6 | Cloud changes as warming occurs as identified in ISCCP cloud histograms. Aside for the top row (No INPs
(A, SST+4K) — No INPs (B, present-day)), the data is shown as four-way differences, i.e. (experiment(A, SST+4K) —
experiment(A, present-day)) — (No INPs (B, SST+4K) — No INPs (B, present-day)). Also included on the plots in green text
are cloud feedbacks calculated by the kernel method (showing feedback differences compared to No INPs (A) below the
first row), with low and mid-level clouds grouped together to conserve space. Note that the four-way difference plots have a
colorbar twice as strong as the top row. For differences in present-day clouds among the same simulations, see Fig. S4.



SH extratropics

SH tropics

NH tropics

NH extratropics

global

50 ToE= B WK F0.98W/m?/K (otal = +0.88 Wim?/K +0.89 W/m?/K
optical depth = +0.24 depth = +0.18 optical depth = +0.16 I depth = +0.13
180 amount = +0.53 = 1026 ~Jamount = +0.32 Int = +0.30
altitude = +0.50 = +065 altitude = +0.50 altitude = +0.58
o 310 total (high) = +0.06 igh) = +0.08 _otal (high) = +0.07 Jrotal (high) = +0.05
5 optical depth (high) = +0.03 optical depth (high) = -0.12 optical depth (nigh) = -0.21 optical depth (high) = -0.02 optical depth (high) = -0.08
@ ﬁ 440 R (1o =003 [promdBiRlSE0D> Jpmoun RS 002 [pmotncibiahi=-0.00 |t =001
¢ 5 altitude (high) = +0.06 altitude (high) = +0.22 altitude (high) = +0.29 altitude (high) = +0.09 altitude (high) = +0.16
zZ 2 total (low-to-mid) = +1.09 total (low-to-mid) = +0.90 total (low-to-mid) = +0.58 ltotal (low-to-mid) = +0.61 total (low-to-mid) = +0.84
o * 560 -foptical depth (low-to-mid) = -0.05 optical depth (low-to-mid) = -0.05 optical depth (low-to-mid) = -0.15 Joptical depth (low-to-mid) = -0.09 optical depth (low-to-mid
= % [amount (low-to-mid) = +1.15 amount (low-to-mid) = +0.93 amount (low-to-mid) = +0.72 [amount (low-to-mid) = +0.89 [amount (low-to-mid) = +0.92
T ggQ Jetitude llowto-mid) = +0.00 |attitude (low-to-mid) = +0.00 altitude (low-to-mid) = +0.00 _atitude (1ow-to-mid) = -0.00 attitude (low-to-mid) = +0.00
800 - 1 1 1 1
1000 T — T T — T — T — — T T — — — T T T
50 Tom= e WK otal = +0.02 Wim?/K otal= +0.02 Wim?/K total = +0.06 Wim?/K fotal = -0.01 W/m?/K

0.14

optical depth

optical depth = +0.01

opticall depth = +0.02

optical depth = +0.05

optical depth = -0.01

180 amount = -0.01 ~{amount = +0.03 ~{amount = +0.01 ~amount = +0.00 ~amount = +0.01
T alttude = -0.01 altitude = -0.03 altitude = +0.01 altitude = -0.02
& o 310 e on =00 Jtotat (hign) = +0.01 total (high) = +0.03 _ltotal (high) = -0.02 eotal (high) = +0.00
g £ optical depth (high) = -0.03 optical depth (high) = +0.02 optical depth (high) = +0.03 optical depth (high) = -0.01 optical depth (high) = +0.01
2 ﬁ 440 amount (high) = +0.02 amount (high) = -0.00 amount (high) = +0.00 amount (high) = -0.01 amount (high) = +0.00
5 alttude (high) = -0.00 alitude (high) = -0.01 alttude (high) = -0.01 altitude (high) = -0.01 altitude (high) = -0.01
oD o total (low-to-mid) = -0.13 total (low-to-mid) = +0.01 total (low-to-mid) = -0.02 total (low-to-mid) = +0.08 total (low-to-mid) = -0.01
5 £ 560 -Joptical depth towtomiar = 010 Joptcal depth tow-to-mic) = +0.01 Joptical depth low-tomic) = +0.01 optcal depth (owto-mic) = +0.00 Joptical depth (low-to-mid
E -g amount (low-to-mid) = -0.06 amount (low-to-mid) = -0.00 amount (low-to-mid) = -0.02 amount (low-to-mid) = +0.05 amount (low-to-mid) = -0.01
G T ggp Jetitude lowtomic) = +002 |attitude (1ow-to-mia) = -0.00 attitude (1ow-to-mid) = -0.00 _lattitude (low-to-mid) = +0.03 attitude (Iow-to-mid) = +0.01
T
800 1 1 1 1 1
1000 L e e — T T T T — T T T — T T — T
50 Tomr= s WK fotal = +0.01 Wim?/K fotal = +0.11 Wim?/K total = +0.05 Wmi/K fotal = +0.01 W/mi/K
optical depth = -0.18 optical depth = +0.01 optical depth = +0.08 optical depth = +0.04 optical depth = -0.01
. 180 qamount = +0.02 <amount = +0.01 amount = +0.01 ~amount = +0.02 <amount = +0.01
Q altitude = -0.00 altitude = -0.01 altitude = +0.01 altitude = +0.01 altitude = +0.00
& o 310 Jeetion=+002 Jtotat (high) = +0.04 Jtotat highy = +0.08 _total (high) = +0.02 Jtotal thighy = +0.04
g £ optical depth (high) = -0.02 optical depth (high) = +0.03 optical depth (high) = +0.07 optical depth (high) = +0.03 optical depth (high) = +0.03
3 ﬁ 240 amount (high) = +0.03 amount (high) = +0.01 amount (high) = -0.03 amount (high) = -0.01 amount (high) = +0.00
5 altitude (high) = +0.00 alttude (high) = -0.00 atttude (high) = +0.01 attitude (high) = -0.00 atttude (high) = +0.00
o o total (low-to-mid) = -0.17 total (low-to-mid) = -0.04 total (low-to-mid) = +0.03 total (low-to-mid) = +0.03 total (low-to-mid) = -0.03
~ 2 560 -optical depth (omtomi) =-0.14 optical depth (1ow-to-mid) = -0.00 optical depth (Iow-to-mid) = +0.02 optical depth (low-to-mid) = -0:02 optical depth (low-to-mid) = -0.03
§ -g amount (low-to-mid) = -0.05 amount (low-to-mid) = -0.03 amount (Iow-to-mid) = +0.01 amount (low-to-mid) = +0.02 amount (low-to-mid) = -0.01
G T ggp Jeltitude lowtomid) = +002 |attitude (1ow-to-mia) = -0.00 attitude (1ow-to-mid) = +0.00 _lattitude (1ow-to-mid) = +0.04 attitude (1ow-to-mia) = +0.02
#
T
800 4 1 1 1 1
1000 — T — T — T — T — T
50 T wmK fotal = +0.10 Wim?/K fotal = +0.21 Wim?/K total = +0.09 W/mi/K total = +0.06 W/mi/K
optical depth = -0.33 optical depth = +0.04 optical depth = +0.13 optical depth = +0.01 optical depth = -0.03
180 amount = +0.14 amount = +0.06 Hamount = +0.05 ~amount = +0.08 Hamount = +0.08
. altitude = +0.01 altitude = -0.02 altitude = +0.02 altitude = +0.01 altitude = +0.01
%3; o 310 frouttisn = 4008 Jeota high) = +0.09 total (high) = +0.29 total high) = +0.05 eotal thighy = +0.10
g 5 optical depth (high) = +0.04 optical depth (high) = +0.07 optical depth (high) = +0.13 optical depth (high) = +0.06 optical depth (high) = +0.08
K a lamount (high) = +0.00 amount (high) = +0.00 amount (high) = -0.00 amount (high) = -0.02 amount (high) = -0.01
§ 95)_ 440 1 e (high) = +0.02 Jattitude (nigh) = +0.01 Tattitude (nigh) = +0.04 lattitude (high) = +0.01 Tattitude (high) = +0.02
I o total (low-to-mid) = -0.24 total (low-to-mid) = +0.00 total (low-to-mid) = +0.02 total (low-to-mid) = +0.04 total (low-to-mid) = -0.04
a S 560 -Jopticoldepth tmtomid) =029 optical depth (low-to-mid) = +0.00 optical depth (Iow-to-mid) = +0.03 optical depth (low-to-mid) = -0.04. foptical depth (low-to-mid) = -0.07
£ % amount (low-to-mid) = +0.03 amount (low-to-mid) = -0.00 [amount (Iow-to-mid) = -0.01 amount (low-to-mid) = +0.07 amount (low-to-mid) = +0.02
3 O 680 {ittuelovoni a2 attitude (1ow-to-mia) = +0.00 attitude (1ow-to-mia) = +0.00 _lattitude (low-to-mid) = +0.02 attitude (ow-to-mia) = +0.01
=
800 1 1 1 1
1000

cloud optical depth

T T T T T T T T T T T T
0 03 13 36 94 23 60 380 0 03 13 36 94 23 60

cloud optical depth

T T T T T T T T T T T T — T
380 0 03 13 36 94 23 60 380 0 03 1.3 3.6 94 23 60 380 0 0.31.33.69.4 23 60380

cloud optical depth

cloud optical depth

cloud optical depth

aee— N Sl

0.4

0.3

0.2

0.1

0.0

loud fraction per K

inc

-0.1

-0.2

change

-0.3

-0.4
0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20
0.20

0.15

0.10

0.05

0.00

—-0.05

-0.10

change in cloud fraction per K

-0.15

-0.20
0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20

Figure S7 | as in Figure S6 but among the Group B simulations, with experiments being compared to No INPs (B). For
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Figure S8 | Cloud feedbacks separated by mechanism in all CESM2 simulations, as in Fig. 3b but further partitioned by
mechanism. Global mean feedback values are included in each legend. Note that some mismatch exists between the sum of
feedbacks between levels and each unseparated feedback (Zelinka et al., 2016), shown here in the top row.
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