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1. Text S1

2. Figures S1 and S2

Introduction The supplementary material contains a description of the Cloud Control-

ling Factor analysis in test S1 and two figures. Figure S1 compares different methods of

estimating radiative forcing in CMIP5 and CMIP6. Figure S2 breaks down the different

components of the Cloud Controlling Factor analysis.
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Text S1. Cloud Controling Factor Analysis To investigate how changes in govern-

ing meteorological conditions contribute to low cloud adjustments, we perform a cloud

controlling factor (CCF) analysis [e.g., Klein et al., 2018; Scott et al., 2020]. The basic

assumption of a CCF analysis is that the change in some property of low clouds, for

example the low cloud radiative effect, R, in response to a forcing (∆, taken here to be

abrupt 4xCO2 forcing), can be represented as a first-order Taylor expansion in CCFs, xi:

∆R =
∑
i

∂R

∂xi
∆xi. (1)

Above, the partial derivatives are the sensitivity of R to respective CCFs (i.e. mete-

orological cloud radiative kernels) and are assumed to be time-scale invariant. The ∆xi

terms are the change in the CCF fields due to the forcing. According to Klein et al.

[2018], the six meteorological CCF fields with the biggest impact on low clouds are sea

surface temperature (SST), estimated inversion strength (EIS), horizontal temperature

advection (Tadv), 700 hPa pressure velocity (ω700), 700 hPa relative humidity (RH700),

and wind speed (WS), with SST and EIS having considerably more influence than the

others. Hence the change in low cloud radiative effect can be decomposed into a sum of

six terms:

∆R =
∂R

∂SST
∆SST +

∂R

∂EIS
∆EIS +

∂R

∂Tadv
∆Tadv +

∂R

∂ω700
∆ω700 +

∂R

∂RH700
∆RH700 +

∂R

∂WS
∆WS.

(2)

In this study, we focus on low cloud adjustments, so ∆SST=0 and all other variables

are taken from FixedSST experiments.
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Meteorological Cloud Radiative Kernels

We use meteorological cloud radiative kernels (∂R/∂xi) from Myers et al. [2021], as

well as a new kernel for CESM2 that was not included in their analysis. These kernels

were calculated from 20 (for CMIP5) or 50 years (for CMIP6) of a preindustrial control

GCM simulation according to the method presented in Scott et al. [2020] and provide

the GCM-simulated low cloud-induced change in TOA radiative flux per unit change in

cloud-controlling factor xi. Note that due to data limitations, the CESM2 meteorological

cloud radiative kernel was calculated from 50 years of a historical simulation. These data

are presented on a 5◦ × 5◦ grid from 60◦S-60◦N and have units of W m −2 dx−1
i .

Meteorological Predictor Fields

We use monthly mean output from a control and an abrupt4xCO2 FixedSST experi-

ment for CMIP5 (sstClim & sstClim4xCO2, respectively) and CMIP6 (piClim-control &

piClim-4xCO2, respectively). We calculate ∆xi by taking the thirty-year average differ-

ence between the abrupt forcing run and the control run.

ω700, RH700, and WS are standard GCM outputs. Following Scott et al. [2020], EIS

can be calculated from monthly mean GCM outputs as:

EIS = LTS − Γ850
m (Z700 − ZLCL), (3)

where LTS is lower-tropospheric stability (the difference in potential temperature between

700 hPa and the surface), Γ850
m is the moist-adiabatic lapse rate at 850 hPa, Z700 is the

height of the 700 hPa pressure level relative to the surface, and ZLCL is the height of the

lifting condensation level relative to the surface.
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Similarly, we follow Scott et al. [2020] to calculate Tadv as:

Tadv = − U10

a cos(φ)

∂SST

∂λ
− V10

a

∂SST

∂φ
, (4)

which uses a second-order centered finite-difference scheme where U10 and V10 are the

zonal and meridional 10m wind components, φ is latitude, λ is longitude, and a is Earth’s

mean radius.

Note that the NCAR model does not output 10m wind components. As a work-around,

we follow Vimont et al. [2009] and Hwang and Chung [2021] who estimate the 10m wind

vectors by taking the average of the 1000 hPa and 850 hPa level winds and multiply it by

80%. In addition, near-surface wind speed is not output by CCSM4. Unfortunately the

monthly average surface wind speed, found by taking the average of surface wind speeds

at each time step over the course of the month, is not the same as taking the magnitude

of the monthly average surface wind vector. Because WS is not a major driver of cloud

adjustment [e.g. Klein et al. [2018] and results from other models below], we set the ∆WS

term to NaN in our CCSM4 calculations and proceed.

Error Estimation

We calculate 95% uncertainty based on Myers et al. [2021]. At each grid box, we give

the 95% confidence interval as,

∂R

∂xi
∆xi ± t

√
∆xT

i C∆xi

√
Nnom

Neff

=
∂R

∂xi
∆xi ± δ. (5)

Above, C is the covariance matrix of regression coefficients at each grid cell from Myers

et al. [2021]’s meteorological radiative kernels, ∆xi is a 7× 1 vector of the six ∆xi values
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and a one (note that we set the SST value to 0), and Nnom/Neff is the ratio of the nominal

to effective number of monthly values. For Nnom, we note that Myers et al. [2021] used

data from July 1983-December 2018 and for Neff we divide Nnom by 5 following Myers

et al. [2021]’s rule of thumb that “we find that one out of five points is independent

temporally.” t is the critical value of the Student’s t-test at the 95% significance level with

Neff − 6 degrees of freedom. Note that in Myers et al. [2021], they consider the critical t

value for Neff − 7 degrees of freedom, but because we remove SST from our analysis we

consider only six.

This gives us an uncertainty at each grid cell. We calculate the global mean (denoted

by angular brackets) error for each model (s) as,

〈∂R
∂xi

∆xi〉 ±

√√√√∑k(δkwk)2

(
∑

k wk)2

√√√√N∗
nom

N∗
eff

= 〈∂R
∂xi

∆xi〉 ± s, (6)

where δk is the uncertainty in the k-th grid box, wk is the cosine of φ, and N∗
nom/N

∗
eff

is the ratio of nominal to effective number of 5◦ × 5◦ grid boxes, taken here to be 30 per

Myers et al. [2021]’s rule of thumb: “around 1 out of 30 grid boxes is independent.”

Lastly, we take the global mean error for each model and calculate the multi-model

mean error as,

sMMM =
(√

s21 + . . .+ s2n

)
/n, (7)

where n is the number of models (in our case, six for CMIP5 and seven for CMIP6).
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Figure S1. Comparisons of different methods of estimating radiative forcing in CMIP5 and

CMIP6. a) F1−140 versus F1−20 in CMIP5, b) F1−140 versus Ffix in CMIP5, c) F1−20 versus Ffix

in CMIP5, d) F1−140 versus F1−20 in CMIP6, e) F1−140 versus Ffix in CMIP6, f) F1−20 versus

Ffix in CMIP6. In all panels the Pearson correlation coefficient r is shown in the upper left and

the black lines show the 1:1 line. The text in brackets in panel f) gives the Pearson correlation

coefficient when CNRM-ESM2.1 (the outlier with anomalously small F1−20) is excluded from the

correlation.
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Figure S2. Results of the CCF analysis. The top panel show the global-mean values of

the meteorological cloud radiative kernels for the CMIP5 and CMIP6 models (blue and red

circles, respectively), which demonstrates how the sensitivity of the CRE R to the meteorological

controling factors varies between the model generations. The middle panel shows the global-mean

responses of the meteorological controling factors to quadrupling of CO2, in units of per standard

deviation. The bottom panel shows the total change in CRE ∆R estimated from the CCF analysis

(“Sum”), as well as the contributions from the individual CCF fields. The error bars show the

multimodel mean error.
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