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Materials and Methods

Materials

The online double-call IRF4xco2: The few available online double-call calculations with CO>
concentrations quadrupled from base-state concentrations, which were requested at low priority
by the Cloud Feedbacks Model Intercomparison Project (53, 54), are comprehensively used
(Tables S1-S3). Note that the currently widely used IRFaxcoz is twice as large as the IRFaxco2, as
the radiative forcing by CO: is a logarithmic function of the atmospheric CO> concentration (28).
These include: six calculations with CMIP6 amip base-states from BCC-CSM2-MR, CanESM5,
CNRM-CM6-1, HadGEM3-GC31-LL, INM-CM5-0 and IPSL-CM6A-LR; six calculations with
CMIP5 amip base-states from CanAM4, HadGEM2-A, INM-CM4, IPSL-CM5A-LR, IPSL-
CM5A-MR and MIROCS; two calculations with CMIP6 1pctCO2 base-states from CNRM-CM6-
1 and IPSL-CM6A-LR; a calculation with CMIP6 abrupt-4xCO2 base-state from CNRM-CM6-1;
and three calculations with CMIP6 historical base-states from CNRM-CM6-1, IPSL-CM6A-LR
and IPSL-CM6A-LR-INCA.

The monthly atmospheric profiles of CMIP model simulations: The monthly atmospheric
profiles (including surface temperature, air temperature, and specific humidity) of amip, 1pctCO2,
abrupt-4xCO2 and historical period simulations (Tables S1-S3) are used either for the offline
double-call IRF calculations or for the analytical IRF calculations. To understand the evolution of
upper stratosphere temperature with CO; increase and its uncertainty across models, air
temperature profiles from the 1pctCO2 simulations are also used.

The atmosphere-only model simulations: The atmosphere-only model simulations forced by
boundary conditions of the preindustrial era and recent warming decades along with their
corresponding 4xCO2 counterparts [piClim-control / piClim-4xCQO2 of Radiative Forcing Model
Intercomparison Project (55) endorsed by CMIP6 and amip / amip-4xCQO2; Table S4] are used to
calculate the total infrared RF and to further feed into offline radiation codes for the calculations
of the IRF, stratospheric adjustment, and stratospheric adjusted RF. A land-warming correction
method (5) recommended by Andrews et al. (56) is used in the calculation of total infrared RF:
The correction method applied in Smith et al. (/2) assumes that the radiative effect of surface
temperature change (i.e., the surface Planck “adjustment”) is the only radiative effect of land
warming in fixed-SST experiments.

The simulations for non-linear mechanisms: The simulations, forced by abruptly halving and
doubling CO; concentration of the preindustrial era [abrupt-0.5xCO2 and abrupt-2xCO2 as part
of nonLinMIP (57); Table S5], respectively, in addition to the standard abrupt-4xCQO2 simulations,
are used to explore the state-dependence of CO; IRF and stratospheric adjustment as well.

The historical simulations and decomposition simulations: To prove the idea that any forcing
agent changes that perturb the upper stratospheric temperature could further impact the climate by
modifying the CO; radiative forcing, we use historical period simulations from model CanESM5
which has the following simulations available (Table S3): a CMIP6 baseline experiment
(historical), historical decomposition simulations from the Detection and Attribution Model
Intercomparison Project (58), including well-mixed greenhouse-gas-only historical simulations
(hist-GHG), anthropogenic-aerosol-only historical simulations (hist-aer), natural-only historical
simulations (hist-nat) and total-ozone-only historical simulations (hist-totalO3), and a scenario of
the Land Use Model Intercomparison Project (59) without land-use change (hist-noLu).

The observations and reanalyses of upper stratospheric temperature: To constrain the IRF
spread caused by base-state differences, we adopt 10 hPa air temperature in the year 2020 from
satellite observations and three sets of reanalyses, including: Versions 6 & 7 Level 3 AIRS



retrievals (60, 61), Versions 4 & 5 Level 3 Aura MLS retrievals (62, 63), processed level 2A
product of SABER Version 2 (64), Aqua IR-only, SNPP, and NOAA-20 products produced using
the CLIMCAPS algorithm (65), ERAS (66), MERRA-2 reanalysis (67) and NCEP-DOE
Reanalysis 2 (68), to diagnose the observational uncertainty.

Methods

The offline double-call IRFaixco> calculations: We also estimate IRFixco2 using offline
radiative transfer models, including a broadband model [SOCRATES (69, 70)] and two line-by-
line models [ARTS (77) and PyRADS (72)]. Five sets of configurations are adopted for the
SOCRATES offline double-call calculations. The first set of calculations is with a pair of CO>
concentrations (CO; concentration in the year 2000 and correspondingly quadrupled CO>
concentration) and sigma-level monthly atmospheric profiles in the year 2000 of amip runs for the
abovementioned twelve models with online double-call IRFs available. The second set is the same
as the previous configuration, except it uses standard 17-pressure-level profiles for all CMIP5/6
models with amip experiments available (Tables S1 and S2). The third set includes three 10-year
slice calculations, with three pairs of CO> concentrations (CO, concentration at years 1-10, 66—
75, and 131-140 of 1pctCO2 experiment and correspondingly quadrupled CO: concentration) and
standard 17-pressure-level atmospheric profiles from the 1pctCO2 experiments for CMIP5/6
models (Tables S1 and S2). With similar configurations as the third set for SOCRATES, line-by-
line calculations are also conducted, but instead using three time-mean CO; concentrations and
atmospheric profiles from the CMIP6 model with the median IRF4xco2 values in the third set
SOCRATES calculations. The fourth configuration is with the pre-industrial and quadrupled CO>
concentrations as well as standard 17-pressure-level atmospheric profiles from abrupt-4xCO2
experiments for CMIP5/6 models (Tables S1 and S2). The last configuration is with a pair of CO»
concentrations [time-varying historical CO> concentration (73) and correspondingly quadrupled
CO; concentration] and standard pressure-level atmospheric profiles from historical and hist-GHG
simulations for CMIP6 models with both simulations (Table S3).

The analytical IRF calculations and decompositions: With an analytical model accounting of
the state-dependence of CO; IRF (/6), we also estimate the analytical IRFsxco2 with base-states
from abrupt-4xCO2 experiments for CMIP5/6 models (Tables S1 and S2). The key idea of the
analytical model is that the CO; IRF can be considered as a swap of surface emission for
stratospheric emission. As both the rotational band and continuum of water vapor overlap with the
667 cm™! CO, band, water vapor modulates the forcing by replacing surface emission with relative

humidity dependent atmospheric emission as follows:

F=2lIn (q_f) (7B (vo, Tom) — 1B, Tstrae)] (1)

L

where [ is the ‘spectroscopic decay’ parameter of 10.2 cm’!, g; is the initial CO, concentration, g ¥
is the final CO; concentration and B (Vy, Topm, / Tserqr) is the hemispherically integrated Planck
function at peak absorption wavenumber of CO> with either the tropospheric emission temperature
or stratospheric emission temperature. Here, T,,, is the tropospheric emission temperature, which
is the average of emission temperatures at the low wavenumber (550-600 cm™) and high
wavenumber (750-800 cm™) sides [see details in Jeevanjee et al. (16)]. To better understand the
sources of the intermodel IRF spread, a decomposition (piCTL-Tstrat) is also done using the
analytical model with stratospheric emission temperature from the original calculations replaced
by the counterpart from piControl experiment.

The calculations of the IRF, stratospheric adjustment and stratospheric adjusted RF: To
calculate the IRF, stratospheric adjustment and stratospheric adjusted RF, three sets of
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configurations are adopted for the SOCRATES offline radiation calculations. The first set of
calculations is with standard pressure-level profiles of piClim-control and amip simulations of
CMIP6 models with piClim-control / piClim-4xCO2 and amip / amip-4xCO2 simulations
available (Table S4) and corresponding pre-industrial and recent historical CO2 concentration,
respectively. The second set is the same as the first configuration except it uses correspondingly
quadrupled CO; concentration, while the third set is the same as the second configuration except
the temperature profiles above the dynamical tropopause (74) are replaced by the temperature
profiles of piClim-4xCO2 and amip-4xCO2 simulations. The difference in radiative fluxes at the
TOA from the first and second sets of calculations is the IRFaxcoz2. The difference in radiative
fluxes from the second and third sets of calculations is the stratospheric adjustment. The
stratospheric adjusted RF is the difference in radiative fluxes from the first and third sets of
calculations.

The calculations of the IRF and rapid adjustments with radiative kernel method: Following
Soden et al. (75), the IRF and rapid adjustments (such as the stratospheric adjustment and surface
Planck adjustment) are calculated with the HadGEM3 radiative kernels (76) for the
abovementioned atmosphere-only model simulations as well as the simulations for non-linear
mechanisms.

Nonlinear warming contribution: As ozone is the key determining factor for the vertical
temperature structure and temperature magnitude at certain altitudes within the stratosphere, we
estimate the indirect surface warming effect of ozone depletion in the last 30 years of historical
simulations (1985-2014) when stratospheric ozone remained at dangerously low levels and in
which stratospheric ozone loss and CO; increase coincide. Here, experiments including historical,
hist-GHG, hist-aer, hist-nat, hist-totalO3, and hist-noLu from model CanESM5 are used (Table
S3). Note that each experiment includes ten ensemble simulations, so the internal variability is
excluded from the ensemble-mean results shown in Fig. 4B. The indirect warming effect of the
ozone depletion via amplifying CO: IRF is primarily included in the difference between ensemble-
and time-mean historical surface temperature anomalies and the sum of corresponding anomalies
from simulations forced respectively by hist-GHG, hist-aer, hist-nat, and hist-totalO3 as well as
the land-use contribution quantified as the difference between historical and hist-noLu, ATqontinear
= AThistorical — AThist:GHG — AThist-aer — AThist-nat — AThist-totalos — (AThistorical - AThist-noLu)~ We should
expect trivial or no signal in the nonlinear warming contribution term if there is no indirect effect.
We find instead that there is a strong indirect effect, as described in Fig. 4B and the associated
text.
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Fig. S1.

(A) The line-by-line results (markers with yellow background highlight) shown in Fig. 2A and
another set of calculations using identical base-state CO> concentration at the preindustrial level
for all three periods. The black plus symbols show offline double-call IRFsxco2 obtained with
ARTS, while the red squares show results calculated with PyRADs. The differences between
markers without and with yellow background highlights are the base-state CO2 concentration. The
markers without highlight represent the IRF4xco2 obtained by quadrupling of preindustrial CO;
concentration, while the highlighted markers show the IRFsxco2 obtained by quadrupling the
varying real-time CO2 concentration of 1pctCO2 experiment. (B) The benchmark line-by-line
IRFaxcoz results of Pincus et al. (/9), by quadrupling half of the preindustrial CO2 concentration
(0.5xC0O2), preindustrial CO: concentration (1xCO2), and doubling preindustrial CO>
concentration (2xCQO2), using the same atmospheric profiles. Each open circle in (B) represents
the IRFsxco2 of a line-by-line model, while the solid circle shows the multi-model ensemble mean.
The results in (A) show that base-state CO> concentration contributes to ~15% IRFaxco2 increase
for the first doubling of base-state CO> concentration (period 1-70), while it contributes to ~40%
IRF4xco2 increase for the second doubling of base-state CO> concentration (period 71-140). The
benchmark IRF4xco2 results in (B) confirm the small contribution (less than 0.1 W m2) from base-
state CO> concentration change to the IRF4xco2 increase for the first doubling of base-state CO»
concentration.
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Fig. S2.

Scatterplots of global- and annual-mean air temperature at 10 hPa of each model in the year 2000
of the amip experiment versus its corresponding offline double-call IRFaxco2 for (A) CMIP6 and
(B) CMIP5 models.
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Fig. S3.

Comparisons of the global- and time-mean IRF4xco2 in years 121-140 from the offline double-call
and analytical model calculations for (A) CMIP6 and (B) CMIP5 models. The correlation between
global- and time-mean IRF4xco2 in every 10 of 150-year experiments from the offline double-call

and analytical model calculations has a range from 0.88 (0.82) to 0.89 (0.83) for CMIP6 (CMIP5)
models.
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Fig. S4.

Time series of global- and annual-mean 10 hPa air temperature under 1pctCO2 scenario from (A)
CMIP6 and (B) CMIP5 models. Each gray line in (A) and (B) represents the 10 hPa temperature
evolution of a model, while the thick black line shows the multi-model ensemble mean. The curly
brackets in (A) and (B) highlight the correlation between 10 hPa air temperature at years 1 and
140. Note that the temperature of two CMIP5 models (GFDL-ESM2G and GFDL-ESM2M) is
excluded from the correlation calculations, since their CO2 concentration increases end at year 70.
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Fig. S5.

Comparisons of the global- and time-mean original analytical IRF4xco2 in years 2—11 and that
obtained with stratospheric emission temperature from piControl runs (piCTL-Tstrat) for (A)
CMIP6 and (B) CMIP5 models. The correlation between global- and time-mean original analytical
IRFaxcoz in every 10 of 150-year experiments and that obtained with the piCTL-Tstrat perturbed
calculations has a range from 0.90 (0.81) to 0.92 (0.86) for the CMIP6 (CMIPS5) models.
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Comparisons of the (A) IRF, (B) stratospheric adjustment, and (C) stratospheric adjusted RF
calculated based on piClim-control / piClim-4xCO2 and amip / amip-4xCO2 simulations,
respectively, for those CMIP6 models with all these simulations available. Numbered markers
correspond to the CMIP6 models listed in Table S4. Numbers at the top of each plot give the
correlation coefficient between estimates from piClim-control / piClim-4xCO2 and amip / amip-
4xCO2 simulations, while the numbers at the bottom provide the difference in the corresponding
multi-model ensemble mean. The results are obtained by three sets of radiative transfer
calculations with the SOCRATES. The first set of calculations is with standard pressure-level
profiles of piClim-control and amip simulations as well as corresponding pre-industrial and recent
historical CO; concentrations, respectively. The second set is the same as the first configuration
except it uses correspondingly quadrupled CO; concentrations, while the third set is the same as
the second configuration except the temperature profiles above the dynamical tropopause (74) are
replaced by the temperature profiles of piClim-4xCO2 and amip-4xCO2 simulations. Here, the
IRFaxcoz is the difference in radiative fluxes at the TOA from the first and second sets of
calculations, while the stratospheric adjustment is the difference in radiative fluxes from the
second and third sets of calculations. The stratospheric adjusted RF is the difference in radiative
fluxes from the first and third sets of calculations.
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Fig. S7.

Scatterplots of (A) stratospheric adjusted RF and (B) total RF versus IRF for CMIP6 models with
piClim-control / piClim-4xCO2 and amip / amip-4xCO2 simulations available. Numbered
markers correspond to the CMIP6 models listed in Table S4. Scatterplots (C) and (D) are the same
as (A) and (B), except for comparing to air temperature at 10 hPa instead of the IRF. The values
in front of (in) parentheses are values calculated with piClim-control / piClim-4xCO2 (amip /
amip-4xCO2) simulations. Here, the IRF and stratospheric adjusted RF are the same as the results
shown in Fig. S6. The total RF is referring to the total infrared RF, which is quantified as the
difference in the outgoing longwave radiation between piClim-control and piClim-4xCO2
simulations as well as amip and amip-4xCQO2 simulations. A land-warming correction method (5)
recommended by Andrews et al. (56) is used in the calculation of total infrared RF: The correction
method applied in Smith et al. (/2) assumes that the radiative effect of surface temperature change
(i.e., the surface Planck “adjustment”) is the only radiative effect of land warming in fixed-SST
experiments.
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Comparison of stratospheric adjusted RF per CO; doubling for abrupt-0.5xCO2, abrupt-2xCO2,
and abrupt-4xCO2 simulations. The overlaid thin and dark bars represent the corresponding IRF
per COz doubling. Note that models GISS-E2-1-H, GISS-E2-2-G, and GISS-E2-2-H are excluded
from the multi-model mean analysis, which is the bars at the far right, since the abrupt-0.5xC0O2
simulations of these models are not available. Following Soden et al. (75), the IRF and
stratospheric adjustment are calculated with the HadGEM3 radiative kernels (76). Note that the
IRF is the value of the first year within the whole 150-year coupled simulations, in order to exclude
the IRF increase due to the surface warming in the following simulations. The stratospheric
temperature adjustment is the average value of the whole 150-year coupled simulations, since the
stratospheric temperature equilibrates in almost the first year and remains the same for the entire
150-year coupled simulations. The stratospheric adjusted RF is the sum of the IRF and
stratospheric adjustment.
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Sensitivities of the preindustrial CO> greenhouse effect (climatological CO; IRF) and IRF4xco2 to
the temperature perturbation at 10 hPa. The results are obtained by a set of radiative transfer
calculations with SOCRATES. The calculations use the monthly climatology of piControl
tropospheric profiles [including temperature and humidity from surface to the dynamical
tropopause (74)] as well as the monthly climatological stratospheric humidity. The stratospheric
temperature profiles used in the calculations are reconstructed via logarithmic interpolation with
monthly climatological tropopause temperature and perturbed air temperature at 10 hPa. The
perturbed air temperature at 10 hPa is the sum of monthly climatological 10 hPa temperature and
every 1 K perturbation ranging from -50 to 50 K. The preindustrial CO; greenhouse effect is the
radiative flux difference between radiative transfer calculations with and without the preindustrial
CO., while the IRFsxco2 is the difference between calculations with the preindustrial CO; and
corresponding quadrupling CO; concentrations.
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Table S1.

A list of the CMIP6 climate models analyzed in this study. Simulations with online double-call available for the models are highlighted
in bold.
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Institution Model DOI amip DOI piControl DOI 1pctCO2 DOI abrupt-4xCO2
1 CSIRO-ARCCSS ACCESS-CM2 doi:10.22033/ESGF/CMIP6.4239 doi:10.22033/ESGF/CMIP6.4311 doi:10.22033/ESGF/CMIP6.4230 doi:10.22033/ESGF/CMIP6.4237
2 CSIRO ACCESS-ESM1-5 doi:10.22033/ESGF/CMIP6.4240 doi:10.22033/ESGF/CMIP6.4312 doi:10.22033/ESGF/CMIP6.423 1 doi:10.22033/ESGF/CMIP6.4238
3 AWI AWI-CM-1-1-MR doi:10.22033/ESGF/CMIP6.2777 doi:10.22033/ESGF/CMIP6.2543 doi:10.22033/ESGF/CMIP6.2568
4 BCC BCC-CSM2-MR doi:10.22033/ESGF/CMIP6.2850 doi:10.22033/ESGF/CMIP6.3016 doi:10.22033/ESGF/CMIP6.2833 doi:10.22033/ESGF/CMIP6.2845
5 BCC BCC-ESM1 doi:10.22033/ESGF/CMIP6.2851 doi:10.22033/ESGF/CMIP6.3017 doi:10.22033/ESGF/CMIP6.2834 doi:10.22033/ESGF/CMIP6.2846
6 CCCma CanESMS5 doi:10.22033/ESGF/CMIP6.3535 doi:10.22033/ESGF/CMIP6.3673 doi:10.22033/ESGF/CMIP6.3151 doi:10.22033/ESGF/CMIP6.3532
7 CAS CAS-ESM2-0 doi:10.22033/ESGF/CMIP6.3180 doi:10.22033/ESGF/CMIP6.3445 doi:10.22033/ESGF/CMIP6.3052 doi:10.22033/ESGF/CMIP6.3174
8 NCAR CESM2 doi:10.22033/ESGF/CMIP6.7522 doi:10.22033/ESGF/CMIP6.7733 doi:10.22033/ESGF/CMIP6.7497 doi:10.22033/ESGF/CMIP6.7519
9 NCAR CESM2-FV2 doi:10.22033/ESGF/CMIPG6. 11287 doi:10.22033/ESGF/CMIP6.11301 doi:10.22033/ESGF/CMIP6. 11283 doi:10.22033/ESGF/CMIP6. 11285
10 NCAR CESM2-WACCM doi:10.22033/ESGF/CMIP6.10041 doi:10.22033/ESGF/CMIP6.10094 doi:10.22033/ESGF/CMIP6.10028 doi:10.22033/ESGF/CMIP6.10039
11 NCAR CESM2-WACCM-FV2 | doi:10.22033/ESGF/CMIP6.11288 doi:10.22033/ESGF/CMIP6.11302 doi:10.22033/ESGF/CMIPG6. 11284 doi:10.22033/ESGF/CMIP6. 11286
12 THU CIESM doi:10.22033/ESGF/CMIP6.8810 doi:10.22033/ESGF/CMIP6.8849 doi:10.22033/ESGF/CMIP6.8801 doi:10.22033/ESGF/CMIP6.8807
13 CMCC CMCC-CM2-SR5 doi:10.22033/ESGF/CMIP6.3737 doi:10.22033/ESGF/CMIP6.3874 doi:10.22033/ESGF/CMIP6.3721 doi:10.22033/ESGF/CMIP6.373 1
14 CMCC CMCC-ESM2 doi:10.22033/ESGF/CMIP6.13241 doi:10.22033/ESGF/CMIP6.13169 doi:10.22033/ESGF/CMIP6.13174
15 CNRM-CERFACS CNRM-CM6-1 d0i:10.22033/ESGF/CMIP6.3922 doi:10.22033/ESGF/CMIP6.4163 d0i:10.22033/ESGF/CMIP6.3712 d0i:10.22033/ESGF/CMIP6.3916
16 CNRM-CERFACS CNRM-CM6-1-HR doi:10.22033/ESGF/CMIP6.3923 doi:10.22033/ESGF/CMIP6.4164 doi:10.22033/ESGF/CMIP6.3713 doi:10.22033/ESGF/CMIP6.3917
17 DOE E3SM-1-0 doi:10.22033/ESGF/CMIP6.4492 doi:10.22033/ESGF/CMIP6.4499 doi:10.22033/ESGF/CMIP6.4490 doi:10.22033/ESGF/CMIP6.4491
18 | EC-Earth-Consortium EC-Earth3 doi:10.22033/ESGF/CMIP6.4529 doi:10.22033/ESGF/CMIP6.4842 doi:10.22033/ESGF/CMIP6.4501 doi:10.22033/ESGF/CMIP6.4518
19 | EC-Earth-Consortium EC-Earth3-AerChem doi:10.22033/ESGF/CMIP6.4530 doi:10.22033/ESGF/CMIP6.4843 doi:10.22033/ESGF/CMIP6.4502 doi:10.22033/ESGF/CMIP6.4519
20 | EC-Earth-Consortium EC-Earth3-CC doi:10.22033/ESGF/CMIP6.453 1 doi:10.22033/ESGF/CMIP6.4844 doi:10.22033/ESGF/CMIP6.4503 doi:10.22033/ESGF/CMIP6.4520
21 | EC-Earth-Consortium EC-Earth3-Veg doi:10.22033/ESGF/CMIP6.4535 doi:10.22033/ESGF/CMIP6.4848 doi:10.22033/ESGF/CMIP6.4507 doi:10.22033/ESGF/CMIP6.4524
22 CAS FGOALS-f3-L doi:10.22033/ESGF/CMIP6.3182 doi:10.22033/ESGF/CMIP6.3447 doi:10.22033/ESGF/CMIP6.3054 doi:10.22033/ESGF/CMIP6.3176
23 CAS FGOALS-g3 doi:10.22033/ESGF/CMIP6.3183 doi:10.22033/ESGF/CMIP6.3448 doi:10.22033/ESGF/CMIP6.3055 doi:10.22033/ESGF/CMIP6.3177
24 NOAA-GFDL GFDL-CM4 doi:10.22033/ESGF/CMIP6.8494 doi:10.22033/ESGF/CMIP6.8666 doi:10.22033/ESGF/CMIP6.8470 doi:10.22033/ESGF/CMIP6.8486
25 NOAA-GFDL GFDL-ESM4 doi:10.22033/ESGF/CMIP6.8497 doi:10.22033/ESGF/CMIP6.8669 doi:10.22033/ESGF/CMIP6.8473 doi:10.22033/ESGF/CMIP6.8489
26 NASA-GISS GISS-E2-1-G doi:10.22033/ESGF/CMIP6.6984 doi:10.22033/ESGF/CMIP6.7380 doi:10.22033/ESGF/CMIP6.6950 doi:10.22033/ESGF/CMIP6.6976
27 NASA-GISS GISS-E2-1-H doi:10.22033/ESGF/CMIP6.7381 doi:10.22033/ESGF/CMIP6.6951 doi:10.22033/ESGF/CMIP6.6977
28 NASA-GISS GISS-E2-2-G doi:10.22033/ESGF/CMIP6.6986 doi:10.22033/ESGF/CMIP6.7382 doi:10.22033/ESGF/CMIP6.6952 doi:10.22033/ESGF/CMIP6.6978
29 NASA-GISS GISS-E2-2-H doi:10.22033/ESGF/CMIP6.15874 doi:10.22033/ESGF/CMIP6.15864 doi:10.22033/ESGF/CMIP6. 15865
30 MOHC HadGEM3-GC31-LL doi:10.22033/ESGF/CMIP6.5853 doi:10.22033/ESGF/CMIP6.6294 doi:10.22033/ESGF/CMIP6.5788 doi:10.22033/ESGF/CMIP6.5839
31 MOHC HadGEM3-GC31-MM doi:10.22033/ESGF/CMIP6.5856 doi:10.22033/ESGF/CMIP6.6297 doi:10.22033/ESGF/CMIP6.5791 doi:10.22033/ESGF/CMIP6.5842
32 MPI-M ICON-ESM-LR doi:10.22033/ESGF/CMIP6.6673 doi:10.22033/ESGF/CMIP6.6433 doi:10.22033/ESGF/CMIP6.6457
33 INM INM-CM4-8 doi:10.22033/ESGF/CMIP6.4934 doi:10.22033/ESGF/CMIP6.5080 doi:10.22033/ESGF/CMIP6.4928 doi:10.22033/ESGF/CMIP6.493 1
34 INM INM-CM5-0 d0i:10.22033/ESGF/CMIP6.4935 doi:10.22033/ESGF/CMIP6.5081 doi:10.22033/ESGF/CMIP6.4929 doi:10.22033/ESGF/CMIP6.4932
35 IPSL IPSL-CM5A2-INCA doi:10.22033/ESGF/CMIP6.13683 doi:10.22033/ESGF/CMIPG6.13642 doi:10.22033/ESGF/CMIPG6.13644
36 IPSL IPSL-CM6A-LR doi:10.22033/ESGF/CMIP6.5113 doi:10.22033/ESGF/CMIP6.5251 d0i:10.22033/ESGF/CMIP6.5049 doi:10.22033/ESGF/CMIP6.5109
37 NIMS-KMA KACE-1-0-G doi:10.22033/ESGF/CMIP6.8350 doi:10.22033/ESGF/CMIP6.8425 doi:10.22033/ESGF/CMIP6.8333 doi:10.22033/ESGF/CMIP6.8348
38 KIOST KIOST-ESM doi:10.22033/ESGF/CMIP6.5289 doi:10.22033/ESGF/CMIP6.5303 doi:10.22033/ESGF/CMIP6.5283 doi:10.22033/ESGF/CMIP6.5288
39 MIROC MIROC6 doi:10.22033/ESGF/CMIP6.5422 doi:10.22033/ESGF/CMIP6.5711 doi:10.22033/ESGF/CMIP6.537 1 doi:10.22033/ESGF/CMIP6.5411
40 MIROC MIROC-ES2L doi:10.22033/ESGF/CMIP6.5421 doi:10.22033/ESGF/CMIP6.5710 doi:10.22033/ESGF/CMIP6.5370 doi:10.22033/ESGF/CMIP6.5410
41 | HAMMOZ Consortium | MPI-ESM-1-2-HAM doi:10.22033/ESGF/CMIP6.5001 doi:10.22033/ESGF/CMIP6.5037 doi:10.22033/ESGF/CMIP6.4999 doi:10.22033/ESGF/CMIP6.5000
42 MPI-M MPI-ESM1-2-HR doi:10.22033/ESGF/CMIP6.6463 doi:10.22033/ESGF/CMIP6.6674 doi:10.22033/ESGF/CMIP6.6434 doi:10.22033/ESGF/CMIP6.6458
43 MPI-M MPL-ESM1-2-LR doi:10.22033/ESGF/CMIP6.6464 doi:10.22033/ESGF/CMIP6.6675 doi:10.22033/ESGF/CMIP6.6435 doi:10.22033/ESGF/CMIP6.6459
44 MRI MRI-ESM2-0 doi:10.22033/ESGF/CMIP6.6758 doi:10.22033/ESGF/CMIP6.6900 doi:10.22033/ESGF/CMIP6.5356 doi:10.22033/ESGF/CMIP6.6755
45 NUIST NESM3 doi:10.22033/ESGF/CMIP6.8720 doi:10.22033/ESGF/CMIP6.8776 doi:10.22033/ESGF/CMIP6.8709 doi:10.22033/ESGF/CMIP6.8719
46 NCC NorCPM1 doi:10.22033/ESGF/CMIP6.10863 doi:10.22033/ESGF/CMIP6.10896 doi:10.22033/ESGF/CMIP6.10861 doi:10.22033/ESGF/CMIP6.10862
47 NCC NorESM2-LM doi:10.22033/ESGF/CMIP6.7848 doi:10.22033/ESGF/CMIP6.8217 doi:10.22033/ESGF/CMIP6.7802 doi:10.22033/ESGF/CMIP6.7836
48 NCC NorESM2-MM doi:10.22033/ESGF/CMIP6.7852 doi:10.22033/ESGF/CMIP6.8221 doi:10.22033/ESGF/CMIP6.7806 doi:10.22033/ESGF/CMIP6.7840
49 SNU SAMO-UNICON doi:10.22033/ESGF/CMIP6.7784 doi:10.22033/ESGF/CMIP6.7791 doi:10.22033/ESGF/CMIP6.7782 doi:10.22033/ESGF/CMIP6.7783
50 AS-RCEC TaiESM1 doi:10.22033/ESGF/CMIP6.9713 doi:10.22033/ESGF/CMIP6.9798 doi:10.22033/ESGF/CMIP6.9702 doi:10.22033/ESGF/CMIP6.9709
51 MOHC UKESM1-0-LL doi:10.22033/ESGF/CMIP6.5857 doi:10.22033/ESGF/CMIP6.6298 doi:10.22033/ESGF/CMIP6.5792 doi:10.22033/ESGF/CMIP6.5843
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Table S2.

A list of the CMIP5 climate models analyzed in this study. Simulations with online double-call available for the models are highlighted

in bold.
Institution Model amip piControl 1pctCO2 abrupt4xCQ02

1 CSIRO-BOM ACCESSI1-0 (6] [0) [6) [0)
2 CSIRO-BOM ACCESSI1-3 (6] [0) [6) [0)
3 BCC bee-csml-1 (6] [0) [6) [0)
4 BCC bee-csml-1-m (0] (0] [0) [0)
5 BNU BNU-ESM (6] [0) [6) [0)
6 CCCma CanESM2 / CanAM4 (0} 0 0 0
7 NCAR CCSM4 (6] [0) [6) [0)
8 | CNRM-CERFACS CNRM-CM5 (6] [0) [6) [0)
9 | CNRM-CERFACS CNRM-CM5-2 [0) [6) [0)
10 CSIRO-QCCCE CSIRO-Mk3-6-0 (0] (0] [0) (0]
11 LASG-CESS FGOALS-g2 (6] [0) [6) [0)
12 LASG-IAP FGOALS-s2 (0] [0) [6) [0)
13 NOAA-GFDL GFDL-CM3 (6] [0) [6) [0)
14 NOAA-GFDL GFDL-ESM2G [0) [6) [0)
15 NOAA-GFDL GFDL-ESM2M (6) [6) [0)
16 NASA-GISS GISS-E2-H [0) [6) [0)
17 NASA-GISS GISS-E2-R (6] [0) [6) [0)
18 MOHC HadGEM2-ES / HadGEM2-A (0] 0 0 0
19 INM INM-CM4 [§) 0 0 0
20 IPSL IPSL-CMS5A-LR (0} 0 0 0
21 IPSL IPSL-CM5A-MR o) 0 0 0
22 IPSL IPSL-CMS5B-LR (6] (6) [6) [0)
23 MIROC MIROCS (0} o) 0 0
24 MIROC MIROC-ESM 0 0 0 0
25 MPI-M MPI-ESM-LR 0 0 0 0
26 MPI-M MPI-ESM-MR 0 0 0 0
27 MPI-M MPI-ESM-P 0 0 0
28 MRI MRI-CGCM3 0 0 0 0
29 NCC NorESM1-M 0 0 0 0
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Table S3.

A list of historical period simulations of the CMIP6 climate models analyzed in this study. Simulations with online double-call available
for the models are highlighted in bold.

Institution Model DOI historical DOI hist-GHG DOI hist-aer DOI hist-nat DOI hist-totalO3 DOI hist-noLu
CSIRO- doi:10.22033/ESGF/C doi:10.22033/ESGF/C
1 ARCCSS ACCESS-CM2 MIP6.4271 MIP6.14365
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
2 CSIRO ACCESS-ESMI-5 MIP6.4272 MIP6.1436
3 CCCma CanESMS doi:10.22033/ESGF/C doi:10.22033/ESGF/C | doi:10.22033/ESGF/C doi:10.22033/ESGF/C doi:10.22033/ESGF/C doi:10.22033/ESGF/C
MIP6.3610 MIP6.3596 MIP6.3597 MIP6.3601 MIP6.12405 MIP6.3602
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
4 NCAR CESM2 MIP6.7627 MIP6.7604
CNRM- d0i:10.22033/ESGF/C | doi:10.22033/ESGF/C
S CERFACS CNRM-CM6-1 MIP6.4066 MIP6.4043
doi:10.22033/ESGF/C
6 DOE E3SM-1-0 MIP6 4497 e}
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
7 NASA-GISS GISS-E2-1-G MIP6.7127 MIP6.7079
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
8 | NOAA-GFDL GFDL-ESM4 MIP6.8597 MIP6.8570
9 MOHC HadGEM3-GC31- doi:10.22033/ESGF/C doi:10.22033/ESGF/C
LL MIP6.6109 MIP6.6051
d0i:10.22033/ESGF/C | doi:10.22033/ESGF/C
10 IPSL [PSL-CMOA-LR MIP6.5195 MIP6.13825
1 IPSL IPSL-CM6A-LR- d0i:10.22033/ESGF/C
INCA MIP6.13601
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
12 MIROC MIROC6 MIP6.5603 MIP6.5578
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
13 MRI MRI-ESM2-0 MIP6.6842 MIP6.6820
doi:10.22033/ESGF/C doi:10.22033/ESGF/C
14 NCC NorESM2-LM MIP6.8036 MIP6.7966
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Table S4.

A list of AMIP simulations of the CMIP6 climate models analyzed in this study, to help to understand the state-dependence of both the
IRF and rapid adjustments.

Institution Model DOI piClim-control DOI piClim-4xCO2 DOI amip DOI amip-4xCO2

1 CCCma CanESM5 doi:10.22033/ESGF/CMIP6.3662 | doi:10.22033/ESGF/CMIP6.3659 | doi:10.22033/ESGF/CMIP6.3535 | doi:10.22033/ESGF/CMIP6.3536
2 NCAR CESM2 doi:10.22033/ESGF/CMIP6.7721 | doi:10.22033/ESGF/CMIP6.7706 | doi:10.22033/ESGF/CMIP6.7522 | doi:10.22033/ESGF/CMIP6.7523
3 | CNRM-CERFACS CNRM-CM6-1 doi:10.22033/ESGF/CMIP6.4151 | doi:10.22033/ESGF/CMIP6.4136 | doi:10.22033/ESGF/CMIP6.3922 | doi:10.22033/ESGF/CMIP6.3926
4 NOAA-GFDL GFDL-CM4 doi:10.22033/ESGF/CMIP6.8653 | doi:10.22033/ESGF/CMIP6.8638 | doi:10.22033/ESGF/CMIP6.8494 | doi:10.22033/ESGF/CMIP6.8499
5 MOHC HadGEM3-GC31-LL | doi:10.22033/ESGF/CMIP6.6275 | doi:10.22033/ESGF/CMIP6.6224 | doi:10.22033/ESGF/CMIP6.5853 | doi:10.22033/ESGF/CMIP6.5861
6 IPSL IPSL-CM6A-LR doi:10.22033/ESGF/CMIP6.5239 | doi:10.22033/ESGF/CMIP6.5236 | doi:10.22033/ESGF/CMIP6.5113 | doi:10.22033/ESGF/CMIP6.5114
7 MIROC MIROC6 doi:10.22033/ESGF/CMIP6.5697 | doi:10.22033/ESGF/CMIP6.5682 | doi:10.22033/ESGF/CMIP6.5422 | doi:10.22033/ESGF/CMIP6.5427
8 MRI MRI-ESM2-0 doi:10.22033/ESGF/CMIP6.6888 | doi:10.22033/ESGF/CMIP6.6873 | doi:10.22033/ESGF/CMIP6.6758 | doi:10.22033/ESGF/CMIP6.6759
9 NCC NorESM2-LM doi:10.22033/ESGF/CMIP6.8179 | doi:10.22033/ESGF/CMIP6.8122 | doi:10.22033/ESGF/CMIP6.7848 (6]
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Table SS.
A list of simulations for non-linear mechanisms of the CMIP6 climate models analyzed in this study, to help to understand the state-
dependence of both the IRF and stratospheric adjustment.

Institution Model DOI abrupt-0p5xC0O2 DOI abrupt-2xCO2 DOI abrupt-4xCO2
1 CCCma CanESMS5 doi:10.22033/ESGF/CMIP6.3530 doi:10.22033/ESGF/CMIP6.3531 doi:10.22033/ESGF/CMIP6.3532
2 NCAR CESM2 doi:10.22033/ESGF/CMIP6.7517 doi:10.22033/ESGF/CMIP6.7518 doi:10.22033/ESGF/CMIP6.7519
3 CNRM-CERFACS CNRM-CM6-1 doi:10.22033/ESGF/CMIP6.3914 doi:10.22033/ESGF/CMIP6.3915 doi:10.22033/ESGF/CMIP6.3916
4 NASA-GISS GISS-E2-1-G doi:10.22033/ESGF/CMIP6.6972 doi:10.22033/ESGF/CMIP6.6974 doi:10.22033/ESGF/CMIP6.6976
5 NASA-GISS GISS-E2-1-H doi:10.22033/ESGF/CMIP6.13965 doi:10.22033/ESGF/CMIP6.6977
6 NASA-GISS GISS-E2-2-G doi:10.22033/ESGF/CMIP6.11688 doi:10.22033/ESGF/CMIP6.6978
7 NASA-GISS GISS-E2-2-H o doi:10.22033/ESGF/CMIP6.15865
8 MOHC HadGEM3-GC31-LL doi:10.22033/ESGF/CMIP6.5833 doi:10.22033/ESGF/CMIP6.5834 doi:10.22033/ESGF/CMIP6.5839
9 IPSL IPSL-CM6A-LR doi:10.22033/ESGF/CMIP6.5106 doi:10.22033/ESGF/CMIP6.5107 doi:10.22033/ESGF/CMIP6.5109
10 MIROC MIROC6 doi:10.22033/ESGF/CMIP6.5405 doi:10.22033/ESGF/CMIP6.5407 doi:10.22033/ESGF/CMIP6.5411
11 MRI MRI-ESM2-0 doi:10.22033/ESGF/CMIP6.6753 doi:10.22033/ESGF/CMIP6.6754 doi:10.22033/ESGF/CMIP6.6755
12 AS-RCEC TaiESM1 doi:10.22033/ESGF/CMIP6.9706 doi:10.22033/ESGF/CMIP6.9707 doi:10.22033/ESGF/CMIP6.9709

19



Table S6.

A list of global- and annual-mean values of the 10 hPa air temperature (T10) in the year 2020 from multiple sets of observations and
reanalyses.

Dataset AIRS MLS CLIMCAPS

SABER ERAS MERRA?2 NCEP2
(Version) V6 V7 V4 V5 Aqua SNPP NOAA-20
T10 (K) 227.7 2272 226.6 226.6 228.4 227.7 227.8 227.7 228.3 227.2 227.5
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