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This supplement includes Tables, Figures, and Text to support the main text and is structured as follows:

1. CMIP Ensemble: Text S1, Tables S1 to S3,

2. Model Dependence: Text S2, Table S4, Figures S1 to S5

3. Effective Equilibrium Climate Sensitivity (ECS) in the literature: Text S3, Figure S6

4. Model Performance: Text S4, Figure S7 to S115

5. Model Spread: Text S5, Figure S12 to S14

6. ClimSIPS: Text S6, Tables S5 and S6, Figure S15 to S16

1 CMIP Ensembles

Supplementary Tables S1 to S3 provide additional information about the CMIP6 and CMIP5 ensembles used in this study,
including members used and references. The "Members Used" column lists all members used in Section 3 (Revisiting model10
dependence) of the main text, while the "Case Study Member(s)?" column indicates which members are then used in Sect. 5
(ClimSIPS for European climate applications) of the main text.

2 Model Dependence

Model dependence is established by an optimal "fingerprint" that consists of global temperature and pressure climatologies
masked by between-model spread / within-model (internal variability) thresholds. While developing the fingerprint mask,15
we explored sensitivities to the percentile thresholds that define "low" between-model spread and "high" within-model spread.
Shown in Supplementary Figure S1, we varied the threshold to mask between-model spread at or below the 5th, 10th, 15th, and
20th percentile. In concert, within-model spread was masked at or above the 95th, 90th, 85th, and 80th percentiles. Intermember
distances were similar in the four cases. They primarily differed by how closely members of initial condition ensembles group
together. Ultimately, we chose the 15th and 85th percentile thresholds to define independence but would have obtained similar20
results with the 20th and 80th percentile thresholds. However, we felt that masking 40% of the domain began to challenge
the notion of global similarity in the independence predictor fields and thus moved forward with the 15th and 85th percentile
thresholds.

The CMIP6 fingerprint and its component 15th and 85th percentile masks are shown in the main text; the CMIP5 fingerprint
is shown in Sup. Fig. S2. The between-model spread mask is defined by the standard deviation across CMIP5/6 "one member25
per model" ensembles. The CMIP5 one member per model ensemble consists of member "r1i1p1" from each of the 29 uniquely
named models. The CMIP6 one member per model ensemble, listed in Sup. Tab. S4, is comprised of member "r1i1p1f1" when
available. Exceptions include "r1i1p1f2" for UKESM1-0-LL, CNRM-CM6-1-HR, CNRM-ESM2-1, CNRM-CM6-1, MIROC-
ES2L, and MCM-UA-1-0, "r1i1p1f3" for HadGEM3-GC31-MM and HadGEM3-GC31-LL, and "r1i1p3f1" for GISS-E2-1-G.
The within-model internal variability mask is defined as the median of standard deviations (σ) in 12 CMIP6 initial condition30
ensembles and five CMIP5 initial condition ensembles. With standard deviations shown in Sup. Fig. S3 for the global SAT field
and Sup. Fig. S4 for the global SLP field, initial condition ensembles we use are made up of five or more ensemble members.
The 12 CMIP6 ensembles are:

1. ACCESS-ESM1-5, r(1-10)i1p1f1

2. CanESM5, r(1-25)i1p1f135

3. CESM2, r(1,2,4,10,11)i1p1f1

4. CNRM-CM6-1, r(1-6)i1p1f2
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5. CNRM-ESM2-1, r1i1p1f2

6. EC-Earth3, r(1,3,4,6,9,11,13,15)i1p1f1

7. GISS-E2-1-G, r(1-5)i1p3f140

8. IPSL-CM6A-LR, r(1-4,6,14)i1p1f1

9. MIROC-ES2L, r(1-10)i1p1f2

10. MIROC6, r(1-50)i1p1f1

11. MPI-ESM1-2-LR, r(1-10)i1p1f1

12. UKESM1-0-LL, r(1-4,8)i1p1f245

The five CMIP5 ensembles are:

1. CanESM2, r(1-5)i1p1

2. CCSM4, r(1-6)i1p1

3. CNRM-CM5, r(1,2,4,6,10)i1p1

4. CSIRO-Mk3-6-0, r(1-10)i1p150

5. EC-EARTH, r(1,2,8,9,12)i1p1

Additionally, we considered global annually-averaged precipitation climatology for use as a predictor to define model fami-
lies. The precipitation fingerprint is shown in Sup. Fig. S5 for CMIP5/6. The predictor was not used in the model dependence
definition because the region of elevated between-model spread (important for ensuring models are distinguishable from one
another) coincides with and is therefore masked by the region of elevated internal variability (important for grouping known55
dependencies). Therefore, the predictor does not add value to the overall dependence definition because un-masked regions are
similar amongst all models.

3 Effective Equilibrium Climate Sensitivity (ECS) in the literature

Sup. Fig. S6 compiles effective equilibrium climate sensitivity (ECS) values from CMIP5/6 models reported in recent literature.
All values were reported to be calculated using the Gregory et al. (2004) method, through a (halved) linear fit of the net top-of-60
atmosphere radiance vs. surface temperature curve in the first 150 years of a simulation with an atmospheric CO2 concentration
that has been instantaneously quadrupled. We compile CMIP5/6 ECS values from 12 sources, listed below and in the legend
of Sup. Fig. S6. Differences between reported values are not always clearly traceable, but where a potential explanation exists,
it is noted below:

1. Meehl et al. (2020): Values rounded to the tenths place rather than the hundredths place.65

2. Seland et al. (2020a)

3. Nijsse et al. (2020): Mean values are reported for models with multiple realizations.

4. Flynn and Mauritsen (2020)

5. Golaz et al. (2019)

6. Bacmeister et al. (2020): Value rounded to the tenths place rather than the hundredths place.70
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Figure S1. A comparison of CMIP6 intermember distance sensitivity to the definition of "low" between-model spread and "high" within-
model spread. Regions at or below/above the following percentile thresholds are masked: below the 5th and above the 95th (panel a), below
the 10th and above the 90th (panel b), below the 15th and above the 85th (panel c, used in the study), and below the 20th and above the 80th
(panel d). For each model, distances between initial condition or perturbed physics ensemble members are marked in color, and distances to
members of the remaining models are marked in light gray.

7. Schlund et al. (2020)

8. Zelinka et al. (2020): Values are given for "flagship" model variants, typically (but not always) the "r1i1p1" or "r1i1p1f1"
simulation for CMIP5 and CMIP6, respectively.

9. Tokarska et al. (2020)

10. Pak et al. (2021)75
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Figure S2. Determining the spatial "fingerprint" within the fields used to identify CMIP5 climate model dependence: annual mean SAT (˚C)
and SLP (hPa) climatology averaged over the period 1905-2005. (a,b) a measure of between-model spread of the dependence predictors,
computed as the standard deviation (σ) across a one member per model CMIP5 ensemble comprised of r1i1p1 simulations. Square hatching
indicates where between-model spread is low, at or below its 15th percentile. (c,d) Median internal variability of the dependence predictors,
computed as the median of the standard deviations within the five CMIP5 initial condition ensembles with five or more members (CanESM2,
CCSM4, CNRM-CM5, CSIRO-Mk3-6-0, and EC-EARTH). Diamond hatching indicates where median internal variability is high, at or
above its 85th percentile. (e,f) Fingerprint used to determine dependence, shown as the ensemble mean climatology of the whole CMIP5
ensemble with the regions of low between-model spread and high internal variability masked and hatched with square and diamond hatching
respectively.

11. Wyser et al. (2020)

12. Smith et al. (2021): Values reported in the IPCC’s Assessment Report 6 Working Group I Chapter 7 Supplementary
Material (The Earth’s energy budget, climate feedbacks, and climate sensitivity) Table 7.SM.5.

In the main text, we use the ECS values reported by the IPCC (Smith et al., 2021) if available. Additional sources for CMIP6
include Zelinka et al. (2020) [CMCC-ESM2, EC-Earth3, GFDL-CM4, and GFDL-ESM4], Golaz et al. (2019) [E3SM-1-1],80
and Pak et al. (2021) [KIOST-ESM]. Additional sources for CMIP5 include Bacmeister et al. (2020) [CESM1-CAM5], Wyser
et al. (2020) [EC-EARTH], and Seland et al. (2020a) [NorESM1-ME].

4 Model Performance

We employ ClimSIPS for Central European (CEU) Summer (JJA) applications and Northern European (NEU) Winter (DJF)
applications. CMIP6 (CMIP5) subselection is presented in the main text (supplement). Model performance is one of three85
dimensions on which models can be selected. In the European case studies, model performance is defined by six predictors,
four that comprise an annual base set and two that are seasonally relevant.

Predictors in the annual base set are:
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Figure S3. Internal variability of Annual Average Surface Air Temperature Climatology (1905-2005) represented by the standard deviation
(σ) across members of initial condition ensembles with five or more members within CMIP6 (a-l) and CMIP5 (m-q). The number of members
in each ensemble is listed in parentheses in each title.

– Annual-average ocean masked European (30− 76.25◦N, 10◦E−39◦W) SAT climatology; 1950-1969

– Annual-average ocean masked European (30− 76.25◦N, 10◦E−39◦W) SAT climatology; 1995-201490

– Annual-average North Atlantic (37◦ − 60◦N, 50◦ − 15◦E) sea surface temperature (SST) climatology; 1995-2014

– Annual-average Southern Hemisphere midlatitude (30◦−60◦S) shortwave cloud radiative effect (SWCRE) climatology;
2001-2018

Additional predictors used for JJA CEU applications are:

– JJA average Central Europe Station PR climatology; 1995-2014 - masked by the union of the CEU SREX mask (Iturbide95
et al., 2020) and the E-OBS dataset mask (Cornes et al., 2018)

– JJA average CEU SWCRE climatology; 2001-2018

Additional predictors used for DJF NEU applications are:

– DJF average Northern Europe Station PR climatology; 1995-2014 - masked by the union of the NEU SREX mask
(Iturbide et al., 2020) and the E-OBS dataset mask (Cornes et al., 2018)100
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Figure S4. As in Figure S3, but for Annual Average Sea Level Pressure Climatology (1905-2005).

– DJF average North Atlantic Sector (25◦ − 73◦N, 42◦E−20◦W) SLP climatology; 1950-2014

For each individual predictor, performance is determined by the root-mean-square error (RMSE) between model and ob-
served fields (Sup. Figs. S7-S10, a-f). Overall performance (Sup. Figs. S7-S10, g) is the average of the six individual predictor
RMSEs. In Sup. Figs. S7-S10, individual predictor or aggregated performance is plotted against "changes of interest": mid-
century, regional European temperature or precipitation change for the CMIP5 (blue x’s) and CMIP6 (orange o’s) simulations105
listed in Sup. Tabs. S1-S3.

A summary of model performance for the European case studies explored in this study is presented in Sup. Fig. S11. Models
are ordered from highest performer to lowest performer by (where applicable) ensemble mean performance (Sup. Fig. S11,
stars) or individual member performance (Sup. Fig. S11, horizontal lines).

5 Model Spread110

Along with model performance, model spread is another of three dimensions on which models can be selected. As stated in
the main text, spread is defined as:

Sij =
√

(SAT∆i −SAT∆j)2 +(PR∆i −PR∆j)2 (1)

with SAT∆ and PR∆ representing normalized change in SAT and PR between 2041-2060 and 1995-2014 mean states.
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Figure S5. The spatial fingerprint of annual mean PR (mm/day) climatology averaged over the period 1905-2005. (a,b) Between-model
spread of the precipitation field in CMIP6 and CMIP5 respectively. Square hatching indicates where between-model spread is low, at or
below its 15th percentile. (c,d) Median internal variability of the precipitation fields within the twelve CMIP6 and five CMIP5 initial condition
ensembles with five or more members. Diamond hatching indicates where median internal variability is high, at or above its 85th percentile.
(e,f) Precipitation fingerprint shown as the ensemble mean climatology of the whole CMIP6 and CMIP5 ensembles with the regions of low
between-model spread and high internal variability masked and hatched with square and diamond hatching respectively.

SAT and PR change within CMIP can be defined by ensemble mean or by individual member. Within CMIP, models are115
represented by a single simulation or by an ensemble of simulations. For models represented by a single simulation, SAT and
PR change are fixed. For models represented by multiple ensemble members, SAT and PR change could reflect the average of
all ensemble members or the value of any individual ensemble member. These two options are shown in Fig. 9a,b in the main
text for CMIP6 JJA CEU applications, in Sup. Fig. S12 for CMIP6 DJF NEU applications, in Sup. Fig. S13 for CMIP5 JJA
CEU applications, and in Sup. Fig. S14 for CMIP5 DJF NEU applications.120

Using a strategy analogous to the KKZ algorithm (Katsavounidis et al., 1994) discussed in the main text, individual members
are chosen from each model ensemble in order to maximize ensemble spread. The following models are represented by a single
simulation and were placed first.

– CMIP6: AWI-CM-1-1-MR-r1i1p1f1, CMCC-CM2-SR5-r1i1p1f1, CMCC-ESM2-r1i1p1f1, CNRM-CM6-1-HR-r1i1p1f2,
E3SM-1-1-r1i1p1f1, FGOALS-f3-L-r1i1p1f1, GFDL-CM4-r1i1p1f1, GFDL-ESM4-r1i1p1f1, GISS-E2-1-G-r1i1p3f1,125
INM-CM4-8-r1i1p1f1, INM-CM5-0-r1i1p1f1, KIOST-ESM-r1i1p1f1, NorESM2-MM-r1i1p1f1, and TaiESM1-r1i1p1f1.

– CMIP5: ACCESS1-0-r1i1p1, ACCESS1-3-r1i1p1, GFDL-CM3-r1i1p1, GFDL-ESM2G-r1i1p1, GFDL-ESM2M-r1i1p1,
IPSL-CM5A-MR-r1i1p1, IPSL-CM5B-LR-r1i1p1, MIROC-ESM-r1i1p1, MPI-ESM-MR-r1i1p1, MRI-CGCM3-r1i1p1,
NorESM1-M-r1i1p1, NorESM1-ME-r1i1p1, bcc-csm1-1-m-r1i1p1, bcc-csm1-1-r1i1p1, and inmcm4-r1i1p1

Members were then selected from the remaining model ensembles in the following order.130
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Figure S6. a) CMIP6 and b) CMIP5 Effective Equilibrium Climate Sensitivity (ECS) values reported in recent research (legend). The
Charney et al. (1979) range of uncertainty (1.5 to 4.5◦C) is shaded in blue. ECS is calculated using the method described in Gregory et al.
(2004).

– CMIP6: ACCESS-CM2, ACCESS-ESM1-5, CAS-ESM2-0, CESM2-WACCM, CESM2, CNRM-CM6-1, CNRM-ESM2-
1, CanESM5, FGOALS-g3, HadGEM3-GC31-LL, HadGEM3-GC31-MM, IPSL-CM6A-LR, KACE-1-0-G, MIROC-
ES2L, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM2-0, NESM3, UKESM1-0-LL

– CMIP5: CCSM4, CESM1-CAM5, CNRM-CM5, CSIRO-Mk3-6-0, CanESM2, GISS-E2-H, GISS-E2-R, HadGEM2-ES,
IPSL-CM5A-LR, MIROC5, MPI-ESM-LR135

Several other selection orders were also evaluated. We find that selection order tends to affect which member is selected
from 1-3 model ensembles but does not substantially change the overall individual member SAT-PR change distribution.

6 ClimSIPS

Sup. Fig. S15 accompanies the CMIP6 JJA CEU 34 choose 3 subselections, shown in Figs. 8 and 9 of the main text. Shown
are the performance, independence, and spread components that minimize the subselection cost function:140

Cα,β(s1, ..sn) = (1−α−β) · P(s1, ..sn)−α · I(s1, ..sn)−β · S(s1, ..sn) (2)

for each α and β when models are represented by ensemble mean (Sup. Fig. S15a-c) and when models are represented by
individual spread-maximizing member (Sup. Fig. S15d-f). Because P(s1, ..sn), I(s1, ..sn), and S(s1, ..sn) are normalized,
they are unitless; component magnitudes relate to the distributions of the three considerations. In terms of sign, components
are shown in accordance with the sign in the cost function. P(s1, ..sn), shown in Sup. Fig. S15a,d, maintains its positive sign;145
negative values of P(s1, ..sn) occur in subsets comprised of models with below-average aggregated distance from observations
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Figure S7. Root mean square error (RMSE) between observed and predictor fields scattered against JJA Central European SAT Change (˚C)
between 2041-2060 and 1995-2014 for each member of the CMIP6 SSP5-8.5 (orange) and CMIP5 (blue) RCP8.5 ensembles. Relationships
with individual predictors are shown in panels a through f and the relationship between the aggregate distance from observations, computed
as the average of the individual predictor RMSEs normalized by their respective combined CMIP5 and CMIP6 ensemble mean value is
shown in panel g.

(corresponding to above-average performance). I(s1, ..sn) (Sup. Fig. S15b,e) and S(s1, ..sn) (Sup. Fig. S15c,f) are negated;
negative values in these panels reflect subsets comprised of models with above average independence or spread.

As a comparison to the CMIP6 cases, we also evaluate which five model subsets are selected from CMIP5 based on the
same independence, performance, and spread definitions. In CMIP5 JJA CEU 26 choose 5 subselection (Sup. Fig. S16a), 35150
out of a possible 65,780 subsets minimize the cost function within the subselection triangle. Both CMIP5 JJA CEU six and
DJF NEU seven recommended subsets required either a lenient performance threshold or a modified spread requirement to
qualify. We chose to require models in CMIP5 subsets to span at least three of the four SAT-PR change quadrants and to all

9



Figure S8. As in Figure S7, but with RMSEs scattered against JJA Central European PR Change (mm/day) between 2041-2060 and 1995-
2014.

have a performance rank at or above 17 out of 26. The CMIP5 DJF NEU case is notable for having the 85% of the ensemble,
22 out of the 26 models, feature in one or more possible subset. To compare, only 50% of the ensemble appears in CMIP6 DJF155
NEU subsets (Fig. 10 in the main text).

To accompany the ternary selection triangles in the main text and supplement, we provide a quick reference of recommended
model subsets and an example of cost function individual component magnitudes. Recommended model subsets are listed in
Sup. Tabs. S5 and S6. Each recommended subset is listed with the relative importance of performance, independence, and
spread based on the median α and β for which the subset minimizes the cost function.160
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Figure S9. As in Figure S7, but with DJF NEU predictor RMSEs scattered against DJF Northern European SAT Change (˚C) between
2041-2060 and 1995-2014.
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Figure S10. As in Figure S7, but with DJF NEU predictor RMSEs scattered against DJF Northern European PR Change (mm/day) between
2041-2060 and 1995-2014.
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Figure S11. CMIP6 and CMIP5 models ordered by aggregated distance from observed, a metric based on the average of model-observed
RMSE for the six predictors chosen for Central European Summer (panels a and b, respectively) or Northern European Winter applications
(panels c and d, respectively). Performance order, with higher performers closer to observed, is based on ensemble mean performance where
applicable, i.e. when a model is represented by more than one ensemble member. Horizontal lines represent the performance of individual
ensemble members while stars indicate ensemble mean performance. Note that performance order differs in the two cases.
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Figure S12. As in Figure 9a,b from the main text, but for CMIP6 DJF NEU applications. Ensemble means (colored markers) are shown in
panel a in DJF NEU SAT and PR change space (note: not normalized) superposed on all ensemble members (light gray dots). Individual
ensemble members, shown in panel b and labeled in parentheses, were selected to maximize spread. In both panels, ensemble median values
for DJF NEU SAT and PR change (gray dashed lines) delineate the four quadrants used for spread recommendations.
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Figure S13. As in Figure S12, but for CMIP5 JJA CEU applications. Models with starred labels, CNRM-CM5 and bcc-csm1-1, fall in a
different family designation than in the main text due to family members lacking the performance predictor fields required for inclusion into
the case study.
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Figure S14. As in Figure S12 and S13 , but for CMIP5 DJF NEU applications. Models with starred labels, CNRM-CM5 and bcc-csm1-1, fall
in a different family designation than in the main text due to family members lacking the performance predictor fields required for inclusion
into the case study.
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Figure S15. A comparison of performance, independence, and spread components of the minimized cost function that selects model sets
from the full CMIP6 ensemble for JJA CEU applications. Panels a-c show the components for 3 model subselection by ensemble means
(as shown in main text Figure 8) and panels d-f show the components for 3 model subselection by individual member (as shown in main
text Figure 9). The components are presented with the respective sign of each term (positive for performance, negative for independence
and spread), such that to compute the value of the minimized cost function, the three component values are multiplied by (1-α-β), α, or β,
respectively and summed.

Dunne, J. P., Horowitz, L. W., Adcroft, A. J., Ginoux, P., Held, I. M., John, J. G., Krasting, J. P., Malyshev, S., Naik, V., Paulot, F., Shevliakova,
E., Stock, C. A., Zadeh, N., Balaji, V., Blanton, C., Dunne, K. A., Dupuis, C., Durachta, J., Dussin, R., Gauthier, P. P. G., Griffies, S. M.,
Guo, H., Hallberg, R. W., Harrison, M., He, J., Hurlin, W., McHugh, C., Menzel, R., Milly, P. C. D., Nikonov, S., Paynter, D. J., Ploshay, J.,
Radhakrishnan, A., Rand, K., Reichl, B. G., Robinson, T., Schwarzkopf, D. M., Sentman, L. T., Underwood, S., Vahlenkamp, H., Winton,
M., Wittenberg, A. T., Wyman, B., Zeng, Y., and Zhao, M.: The GFDL Earth System Model Version 4.1 (GFDL-ESM 4.1): Overall235
Coupled Model Description and Simulation Characteristics, Journal of Advances in Modeling Earth Systems, 12, e2019MS002 015,
https://doi.org/10.1029/2019MS002015, 2020.

Flynn, C. M. and Mauritsen, T.: On the climate sensitivity and historical warming evolution in recent coupled model ensembles, Atmospheric
Chemistry and Physics, 20, 7829–7842, https://doi.org/10.5194/acp-20-7829-2020, 2020.

17

https://doi.org/10.1029/2019MS002015
https://doi.org/10.5194/acp-20-7829-2020


Figure S16. As in Figure 10 in the main text, but for CMIP5 a) JJA CEU and b) DJF NEU applications. Of the CMIP5 JJA CEU case’s
33 possible subsets, six are recommended based on a performance rank threshold of 17 out of 34 and a relaxed spread criteria (subset must
span at least three quadrants). For the CMIP5 DJF NEU case, seven recommendations are made out of 45 possible subsets based on the same
criteria as the CMIP5 JJA CEU case.
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Table S4. One member per model CMIP6 multi-model ensemble used in the between-model spread component of the model-family-defining
optimal fingerprint mask.

ID Model Name Members ID Model Name Members
1) ACCESS-ESM1-5 r1i1p1f1 20) MPI-ESM1-2-HR r1i1p1f1
2) HadGEM3-GC31-MM r1i1p1f3 21) GFDL-CM4 r1i1p1f1
3) KACE-1-0-G r1i1p1f1 22) GFDL-ESM4 r1i1p1f1
4) ACCESS-CM2 r1i1p1f1 23) EC-Earth3 r1i1p1f1
5) HadGEM3-GC31-LL r1i1p1f3 24) EC-Earth3-Veg r1i1p1f1
6) UKESM1-0-LL r1i1p1f2 25) FGOALS-f3-L r1i1p1f1
7) TaiESM1 r1i1p1f1 26) FGOALS-g3 r1i1p1f1
8) CMCC-ESM2 r1i1p1f1 27) INM-CM4-8 r1i1p1f1
9) CMCC-CM2-SR5 r1i1p1f1 28) INM-CM5-0 r1i1p1f1
10) NorESM2-MM r1i1p1f1 29) MIROC6 r1i1p1f1
11) CESM2-WACCM r1i1p1f1 30) MIROC-ES2L r1i1p1f2
12) CESM2 r1i1p1f1 31) MRI-ESM2-0 r1i1p1f1
13) CNRM-CM6-1-HR r1i1p1f2 32) E3SM-1-1 r1i1p1f1
14) CNRM-ESM2-1 r1i1p1f2 33) CanESM5 r1i1p1f1
15) IPSL-CM6A-LR r1i1p1f1 34) CAS-ESM2-0 r1i1p1f1
16) CNRM-CM6-1 r1i1p1f2 35) GISS-E2-1-G r1i1p3f1
17) AWI-CM-1-1-MR r1i1p1f1 36) MCM-UA-1-0 r1i1p1f2
18) NESM3 r1i1p1f1 37) KIOST-ESM r1i1p1f1
19) MPI-ESM1-2-LR r1i1p1f1
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