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1 Tables

1.1 Simulations

This paper uses simulations from the LongRunMIP archive (Rugenstein et al., 2019). Specifically, we used the six models
with thousand-plus year long control simulations with monthly data available at the time of this study. These models and
simulations are summarized in this table:

Table S1: Atmosphere-ocean general circulation model simulations used in this study, from the LongRunMIP archive (Ru-
genstein et al., 2019). We use the first 1000 years of all abrupt4x simulations.

resolution simulation years
model abbreviation | atmosphere  ocean control reference
CESM104 96 x 144 384 x 320 1000 Rugenstein et al. (2016)
CNRMCMS61 128 x 256 294 x 362 2000 Voldoire et al. (2019)

GISSE2R 90 x 144 180 x 288 5225 Nazarenko et al. (2015); Rind et al. (2018)
HadCM3L 73 x 96 73 x 96 1000 Cao et al. (2016)
IPSLCM5A 96 x 96 149 x 182 1000 Dufresne et al. (2013)
MPISEM12 96 x 192 220 x 256 1237 Mauritsen et al. (2019)

1.2 Error tables
1.2.1 Averaging

In the Appendix of the main text, we discuss four options for averaging the control time series when estimating feedbacks:

e seasonal, in which the time series is averaged into seasonal values and then four separate regressions are performed to
estimate a feedback for each season,

e monthly, in which the time series is averaged into monthly values and then twelve separate regressions are performed
to estimate a feedback for each month,

e annual, in which the time series is averaged into annual values and then just one regression is performed to estimate a
single feedback

o all months, in which the time series is kept as monthly values and then just one regression is performed across all months
to estimate a single feedback

We can assess their relative skill by evaluating the error metrics from Tables 1 and 2 in the main text for the net feedback.

Table S2: Like Table 1 in the main body of the text, but for the different averaging approaches discussed above, and for the
net feedback. There are not significant differences in skill between the different approaches.

seasonal annual all months monthly
MR global local | MR global local | MR global local | MR global local
early |0.69 074 254 [0.69 0.63 247 (072 078 258 |0.84 0.76  2.54
late 029 026 1.87 |0.33 035 1.81 |0.31 027 1.85 |047 023 184
change | 044 0.73 078 |045 073 0.74 |044 073 087 |046 073  0.85

Table S3: Like Table S2, but for spatial errors. Once more, there is not a significant difference between approaches.

seasonal annual all months monthly
MR global local | MR global local | MR global local | MR global local
early |1.02 341 277 |093 358 268 |1.23 3.04 286 |1.46 3.05 2.87
late 08 308 186 (069 317 1.82 [096 271 188 |12 274 186
change |0.74 114 126 |0.72 119 123 |0.83 111 136 |0.86 1.13  1.37




1.2.2 Individual models

Table S4: Errors in the normalized spatial pattern of net TOA flux change (like Table 2 in the text), but calculated for individual

models. In all cases, the MR method outperforms the others in estimating the response.

CESM104 CNRMCM61 GISSE2R HadCM3L IPSLCMb5A MPIESM12
MR glob local | MR glob local | MR glob local | MR glob local | MR glob local | MR glob local
early |1.68 6.86 336 |[1.10 136 1.61 [257 410 354 |195 588 3.79 [1.38 445 3.72 |1.72 556 4.29
late 138 761 252 |124 145 148 |093 279 1.66 |1.88 488 295 |152 470 3.05 147 514 295
change |1.45 193 171 |1.06 118 125 |249 293 320 |187 264 216 [1.03 142 130 |1.50 1.92 2.08

1.2.3 North of 30°S

Figure 7 in the text suggests that the MR method is able to recreate the multi-model mean behavior of N north of 30°S. We

test this idea by reevaluating the error metrics in Table 1 and 2 using only TOA fluxes from this region.

Table S5: Like Table 1 in the text, but only using TOA fluxes from north of 30°S.

net LW clear SW clear LW cloud SW cloud
MR global local | MR global local | MR global local | MR global local | MR global local
early |048 086 286 |013 026 071 [0.08 017 0.06 |0.16 042 14 [038 076 135
late 0.23 04 203 {022 065 05 [008 025 0.08 |0.11 0.5 1.14 | 021 045 0.88
change [0.38 087 0.89 |01 0.5 0.28 |0.08 0.14 008 |01 012 032 |024 055 0.51
Table S6: Like Table 2 in the text, but only using TOA fluxes from north of 30°S.
net LW clear SW clear LW cloud SW cloud
MR global local | MR global local | MR global local | MR global local | MR global local
early |08 3.78 3.02 1035 235 1.13 |0.83 0.98 074 1075 588 241 |1.11 565 254
late 06 346 195 038 239 0.83 |0.79 1.03 073 |0.54 58 1.8 096 553 1.85
change | 0.67 118 127 |028 079 047 (045 074 044 |06 079 092 |081 1.27 121




1.3 Feedbacks for individual models

Table S7: True feedback values and estimates of these values using the global and local methods for all models and flux
components. All feedbacks have units of Wm=2K~!.

true global local

LW SW 1w SW IW SW IW SW LW SW IW SW
model net |clear clear cloud cloud |net |clear clear cloud cloud |net |clear clear cloud cloud
early
CESM104 -148|-192 092 0.04 -051 |-1.13|-2.08 064 0.21 0.11 |1.23 |-1.08 0.92 22 -0.81
CNRMCMS61 -0.89|-1.8 085 029 -023 |-047|-1.86 1.3 036 -0.29 |0.33 |-1.6 0.86 033 0.74
GISSE2R -2521-1.84 04 021 -129 |-1.05|-1.8 055 049 -029 |-095|-1.24 036 0.81 -0.88
HadCM3L -1.51|-194 043 052 -053 |-0.93|-1.84 045 09 -044 |146 |-1.3 045 09 1.41
IPSLCM5A -0.881-2.02 055 0.0/ 053 |-037|-1.81 0.64 093 -0.14 |1.87 |-1.27 052 171 091
MPIESM12 -1.711-1.84 061 04 -0.88 [-1.2 |-1.89 059 099 -0.89 |1.61 |-1.27 0.6 133 094
mean -1.5 |-1.89 063 025 -049 |-0.86|-1.88 0.7 065 -0.32 [0.92 |-1.29 0.62 121 0.38
mean (no GISSE2R) | -1.29 |-1.9 0.67 026 -0.32 |-0.82|-19 0.73 068 -0.33 (1.3 |-1.3 0.67 129 0.64
late
CESM104 -0.78 | -1.84 1.05 0.1 -0.09 |-1.15(-2.09 0.65 021 0.09 |123 |-1.19 1.19 191 -0.69
CNRMCMS61 -059|-1.63 06 027 019 |-047|-1.86 131 036 -0.28 |0.35 |-1.56 0.93 039 0.58
GISSE2R -1.29|-153 042 036 -054 |-1.03|-1.8 056 047 -0.26 |-0.78|-1.32 042 082 -0.7
HadCM3L -0.84|-19 043 035 028 |-094|-1.84 044 09 -044 |156 [-1.29 053 091 141
IPSLCM5A -0.66|-193 043 0.01 083 |-036|-1.81 0.65 093 -0.13 |1.67 |-1.31 0.6 159 0.79
MPIESM12 -091|-166 071 033 -029 |-1.19|/-19 06 099 -0.89 |[1.22 |-1.35 0.77 122 057
mean -0.84|-1.75 0.61 024 0.06 |-0.86|-1.88 0.7 0.64 -032 |0.87 |-1.34 0.74 1.14 0.33
mean (no GISSE2R) | -0.76 | -1.79 0.64 021 0.18 |-0.82|-19 073 068 -0.33 |12 |-1.34 0.8 121 0.53
change
CESM104 0.7 |0.08 013 0.06 042 |-0.02/-00 0.01 -00 -0.02 |-0.0 |-0.1 027 -029 0.12
CNRMCMS61 03 ]017 -026 -0.02 041 |00 |00 0.01 -0.0 0.0 0.02 |0.04 0.07 0.07 -0.16
GISSE2R 1.23 {031 0.02 015 075 |0.02 |-0.0 0.01 -0.01 0.03 |0.17 |-0.08 0.06 0.01 0.19
HadCM3L 0.67 |0.04 -00 -0.17 081 |-0.01|-0.0 -0.01 -0.0 -00 |01 |0.01 0.08 0.01 -0.0
IPSLCM5A 022 [0.09 -0.12 -0.06 0.3 001 |00 00 -00 00 -0.2 |-0.04 0.08 -0.12 -0.12
MPIESM12 081 {018 0.1 -0.07 059 |0.01 |-0.0 0.01 0.0 0.0 -0.38|-0.08 0.17 -0.11 -0.37
mean 0.65 |0.14 -0.02 -0.02 055 |00 |-0.0 0.0 -0.0 0.0 -0.05|-0.04 0.12 -0.07 -0.06
mean (no GISSE2R) | 0.54 [0.11 -0.03 -0.05 051 |-00 |-0.0 0.0 -0.0 -0.0 [-0.09|-0.03 0.13 -0.09 -0.1




Table S8: Full, local, and nonlocal feedbacks estimated using the MR method for all models and flux components. GISSE2R
is the only model that exhibits a negative local or positive nonlocal feedback, due to its cloud feedbacks, which are out of
keeping with observational results (see Section 4). Multi-model means with or without GISSE2R show large compensating
local and nonlocal feedbacks, particularly due to the SW cloud feedback, which appears to be anti-correlated between models
(local and nonlocal SW cloud columns). The correlation coefficient for early period non-GISSE2R local vs. nonlocal feedbacks
is —0.96, and for late is —0.98. All feedbacks have units of Wm2K~!.

MR MR (local) MR (nonlocal)

LW SW LW SW IW SW LW SW IW SW LW SW
model net |clear clear cloud cloud |net |clear clear cloud cloud |net |clear clear cloud cloud
early
CESM104 -056|-1.89 1.12 0.3 -0.09 [351 [-1.29 1.1 0.67 3.04 |-4.07(-0.59 0.02 -0.37 -3.13
CNRMCM61 -0.65|-1.87 098 038 -0.13 |1.43 |-1.64 1.05 -053 256 |-2.08|-0.23 -0.07 091 -2.68
GISSE2R -1.36|-1.84 055 031 -039 |-1.93|-1.28 0.51 0.01 -1.16 |0.57 |-0.56 0.04 0.3 0.78
HadCM3L -146|-212 043 048 -024 |40 |[-135 049 -0.16 5.01 |-545|-0.78 -0.06 0.63 -5.25
IPSLCMb5A -0.52|-2.03 064 033 054 |4.12 |-1.0 06 151 301 |-4.64|-1.03 0.04 -1.18 -2.46
MPIESM12 -1.01|-1.83 0.72 058 -049 |382 [-1.1 066 1.5 275 |-4.83|-0.73 0.06 -092 -3.24
mean -0931-193 074 04 -0.13 [249 |-1.28 0.74 0.5 253 [-342|-0.65 0.01 -0.1 -2.66
mean (no GISSE2R) | -0.84 | -1.95 0.78 0.41 -0.08 |3.37 |-1.28 0.78 0.6 327 |-421|-0.67 -00 -0.18 -3.35
late
CESM104 -0.37|-1.85 141 029 -023 |3.04 [-1.27 151 1.07 174 |-3.41|-0.58 -0.09 -0.78 -1.96
CNRMCM61 -047|-1.87 1.03 034 0.04 |158 [-157 1.15 -035 236 |-2.05|-0.29 -0.12 0.69 -2.33
GISSE2R -0.86|-1.71 069 0.37 -021 |-0.41|-1.21 0.77 058 -0.55 |-045|-0.5 -0.08 -0.21 0.34
HadCM3L -0.841-2.09 051 025 05 391 |-1.31 06 018 443 |-475(-0.78 -0.1 0.07 -3.94
IPSLCM5A -0.321-197 079 024 0.61 3.72 |-1.03 0.69 1.5 257 1-405|-094 011 -1.26 -1.96
MPIESM12 -0.81|-1.78 091 036 -03 |339 |-1.17 086 143 227 |-42 |-0.61 0.04 -1.07 -257
mean -0.61|-1.88 0.89 031 007 |254 |-1.26 093 074 214 |-3.15|-0.62 -0.04 -043 -2.07
mean (no GISSE2R) | -0.56 | -1.91 0.93 0.3 012 |[3.13 |-1.27 096 0.77 267 |[-3.69|-0.64 -0.03 -0.47 -2.55
change
CESM104 0.19 |0.04 03 -001 -013 |-047|0.02 041 04 -1.3 10.65 [0.02 -0.11 -042 1.17
CNRMCMe61 0.18 |0.01 0.05 -0.04 0.16 |0.15 |0.07 01 018 -0.19 |0.03 |-0.06 -0.05 -0.21 0.36
GISSE2R 051 |0.12 0.14 0.07 0.18 |152 |0.07 026 058 061 |-1.01|0.06 -0.12 -0.51 -0.44
HadCM3L 0.61 |0.04 007 -023 074 |-0.09|/0.04 011 034 -057 [0.7 |-00 -0.04 -057 1.31
IPSLCM5A 02 |0.06 016 -0.09 0.07 |-04 |-0.03 0.08 -0.01 -0.44 |[0.59 |0.09 0.07 -0.08 0.51
MPIESM12 021 |0.05 0.18 -022 0.19 |-042|-0.07 0.2 -0.07 -048 [0.63 |0.12 -0.02 -0.15 0.67
mean 031 |0.05 015 -0.09 02 0.05 |0.02 019 024 -04 [027 |0.04 -0.04 -032 0.6
mean (no GISSE2R) | 0.28 | 0.04 0.15 -0.12 021 |-0.24{00 0.18 0.17 -06 [052 [0.03 -0.03 -0.29 0.8




2 Figures

2.1 Conceptual model with noise at TOA instead of surface

Fsurf,1:| )

The conceptual model used to demonstrate the MR method has two pairs of forcing terms, one at the surface (ﬁmr F= [ 5
surf,2

and one at the top of atmosphere (Frox = [? TOA;] ):
TOA,
AT o N =
“a = NT [_Y Y'q T' + Forg 1)
N = AT'+Froa 2)

Forcing at the surface generates variability from which it is easy to diagnose radiative feedbacks, because N simply follows
T via A, so that a regression with no lag will recreate A. However, forcing at the TOA creates two different relationships: T
follows N positively because a net energy flux warms the planet, while N follows T typically negatively because of radiative
feedbacks. These two influences reach a balance in which the regression of N against T changes depending on the lag between
them, with no correlation occurring at zero lag. For the real climate, and for climate models, noise occurs at both levels, so
that regression without lag tends to produce estimates of radiative feedbacks somewhere between the true value and zero
(Spencer and Braswell, 2008, 2011; Choi et al., 2014; Proistosescu et al., 2018).

We can see this concretely if we rerun the example from the text, but with the variance of Fy, s and Fro4 being 10 and 15
Wm~? instead of 20 and 5 Wm ™2

control control
2 2 b“ T true
'-, ...... :‘ ....... e r e iieeseasssaanaaes —_ /\1(:/11’1_’_/12,1)
= 11z \ — —— A(=A12+A22)
|5< L —"/ \-_\- _,’
o 0 i — 1\~
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' s NI A ——— _
= 4 E LT ST e === A(=A+A20)
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= | I N
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...... /12
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| R4
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|E 8 0.0 A // ® A MR
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—2.54{ * 9lobalest. g o chang
local est. ‘= il ® MR
-5.0 i . . o -1.5 1. . . . local
0 2 4 6 8 -1 0 1 ® global
T (K) true feedback (Wm=2k~")

Figure S1: Conceptual model with stochastic forcing shifted from surface to TOA.

With these noise terms, the regression of N vs 7" is shifted flatter (panel a) and MR estimates of A, are shifted towards
zero (panel b). As a result the global and MR estimates of the abrupt4x feedbacks are shifted towards zero as well (panels c
and d). The shift tends to be proportional, so that the difference between feedbacks in the early and late period are reduced
(circle markers in panel d).



2.2

feedback (Wm=2K~")
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Feedbacks vs. time for component fluxes
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Figure S2: Like Figure 5 in the main body of the text, but for the LW clear feedback.
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Figure S3: Like Figure 5 in the main body of the text, but for the SW clear feedback.
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Figure S4: Like Figure 5 in the main body of the text, but for the LW cloud feedback.
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Figure S5: Like Figure 5 in the main body of the text, but for the SW cloud feedback.
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2.3 Spatial patterns of normalized changes in top-of-atmosphere flux

2.3.1 Errors and individual models
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Figure S6: Error (estimated value - true value) for the normalized spatial pattern of net TOA flux change during the early
period for the multi-model mean (Fig. 7) and component models, with zonal means to the right of each panel. The MR
method has the smallest spatial error (Table S4). The MR method overestimates the change over the Southern Ocean and the
north Atlantic in all models, and experiences cancelling errors of a similar sign in the tropics for GISSE2R, HadCM3L, and
IPSLCM5A.
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Figure S7: Same as Figure S6, except instead of showing results for the early period, this shows results for the late period.
Once more, the MR method has the smallest spatial error (Table S4), and the MR method errors tend to be smaller than for
the early period.
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Figure S8: Same as Figure S6, except instead of showing results for the early period, this shows results for the difference
between the early and late periods. Once more, the MR method has the smallest spatial error (Table 54).
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2.3.2 Component fluxes

global est. local est.

early

late

change

3 -2 -1 1 2 3

e e e e e e
4 5 6 7
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Figure S9: Like Figure 7 in the main body of the paper, but for the LW clear feedback The MR and true patterns show a lot
of agreement (see Figure S14 for the difference between the estimates and true values).

global est. local est.
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change

“EEEEEEETTTTT T e e e e
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Figure S10: Like Figure 7 in the main body of the paper, but for the SW clear feedback. Since the biggest SW clear feedback
is the predominantly local ice albedo feedback, both the local and MR methods both capture the true pattern well (see
Figure S15 for the difference between the estimates and true values).
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global est. local est.

early

late

change

Figure S11: Like Figure 7 in the main body of the paper, but for the LW cloud feedback. The MR method does well in most
regions (see Figure S16 for the difference between the estimates and true values).

global est. local est.
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late

change

3 -2 -1 0 1 2 3

e e e
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7 6 -5 -4

Figure S12: Like Figure 7 in the main body of the paper, but for the SW cloud feedback. While the MR method captures
many features of the true pattern, it appears to overestimate the change in some regions, as shown more fully in Figure 517.
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2.3.3 Component flux errors and uncertainty

early

late

change

Figure 513: Like Figure 7 in the main body of the paper, but with the true spatial change (the left column of Figure 7)
subtracted from the other columns, leaving the errors in the difference. The MR method has an overestimate south of 30°S,
as well as in the North Atlantic in the early period. We also include estimates made using just the first and second half of
each model’s control simulation, and their difference, as a rough test of uncertainty.

early

late

change

B I O -
7 6 5 -4 3 2 4 0 1 2 3 4 5 6 7 Wm¥'

Figure S14: Like Figure S13, but for LW clear. The MR method has no large errors for this feedback.
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MR est. (first half) MR est. (second half) MR est. (second - first half)

early

late

change

Figure S15: Like Figure S13, but for SW clear. The MR method has some compensating errors between the northern and
southern polar regions, with an overestimate south of 60°S.
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early

late

change

“EEEEEEETTITTT T e e e e
-7 6 -5 4 -3 -2 -1 1 2 3 4 5 6 7

Figure S16: Like Figure S13, but for LW cloud. The MR has a relatively small error, which seems to be anti-correlated with the
error in the SW cloud feedback in most regions (Figure S17). The MR method overestimates this feedback in the 45°S-60°S
band, contributing to the overestimate south of 30°S.
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MR est. (first half) MR est. (second half) MR est. (second - first half)

early

late

change

e e e e
4 3 2 -1 0 1 2 3 4 5 6 7
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Figure S17: Like Figure 513, but for SW cloud. This feedback has the largest errors for the MR method. Most are offset by
errors in the LW cloud feedback (Figure S16), except for between 30°S and 45°S over the Southern Ocean, and during the
early period over the North Atlantic. Overestimates in these regions contributed the most to the MR method’s overestimate
of net feedback (Figures 5 and 6 in the main body of the paper). This component also has the greatest uncertainty.
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2.4 Feedbacks
2.4.1 Spatial patterns of feedbacks
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Figure S18: Maps of the spatial pattern of feedbacks estimated by the MR method. The top row is like the top row of Figure
9, and the second and third rows are the same but using only the first and second half of the control simulations respectively.
The fourth row is the difference between the second and third rows. The first row has stippling on grid cells where the
second and third row agree in sign. It appears to be robust that the local feedback is positive everywhere, and the presence
of a nonlocal negative feedback in regions of tropical convection is widely consistent. The nonlocal feedback is quite noisy,
although this noise appears to cancel out somewhat in estimates of the spatial pattern of TOA flux change (Figure S13),
perhaps because regions which are spatially correlated in the control simulation (allowing large competing feedbacks) are
also spatially correlated in the abrupt4x simulations (causing those feedbacks to cancel). Line graphs on the right of each
panel show the zonal means of that panel. The zonal averages are robust.
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Figure 519: Like Figure 518, but for LW clear. The sign of the local feedback is mostly robust, and the sign of the nonlocal
feedback in tropical convecting regions is robust. As with the net feedback, a lot of the noise cancels in predicting the forced
response (Figure S14). The zonal averages are robust.
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Figure 520: Like Figure 518, but for SW clear. This feedback is primarily local, which is robust in its sign almost everywhere.
Its nonlocal feedback is small, and so noise can be much larger than the signal, leading to a less robust nonlocal and/or
nonpolar feedback. As with the net feedback, a lot of the noise cancels in predicting the forced response (Figure S15). The
zonal averages are robust.
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Figure 521: Like Figure S18, but for LW cloud. The local feedback is robust, as is a positive nonlocal feedback in regions of
tropical convection. The nonlocal feedback is pretty consistently negative outside of these regions, and while there is some
degree of noise, it cancels out somewhat when the spatial pattern of TOA flux is estimated (Figure S16). The zonal averages
are robust.
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Figure 522: Like Figure 518, but for SW cloud. The local feedback appears to have little uncertainty, as does the nonlocal
feedback in regions of tropical convection, and large parts of the extratropics. The zonal averages are robust.
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2.4.2 Global and local feedbacks
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Figure S23: Multi-model mean of spatial feedbacks estimated using three methods: global (left column), local (middle col-
umn), and MR (right column). The net local feedback (top middle panel) resembles the map of spatial feedbacks in Figure
10 of Trenberth et al. (2015), which was made by applying the local method to observations and reanalysis.
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2.4.3 Individual models
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Figure 524: Multi-season mean spatial feedbacks estimated by the MR method, as in Figure 9 of the paper, except shown for
each model. Feedbacks are qualitatively similar between models, except for GISSE2R, which is missing the positive local SW
cloud feedback in tropical convecting regions seen in other models.
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2.4.4 Seasonality
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Figure 525: Difference between the multi-model zonal mean of the Jun/Jul/Aug and Dec/Jan/Feb net feedback. The pattern
is largely determined by the nonlocal feedbacks, which we have elsewhere shown are dominated by negative feedbacks in
regions of tropical convection. We would expect these regions to follow the ITCZ into the summer hemisphere, as is consistent
with the results in this figure. Note that while the global values of the local and nonlocal feedbacks are anticorrelated across
models (Table S8), this cancellation does not hold spatially or seasonally, suggesting this cancellation is more than a statistical
artifact.
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