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Text S1. We can examine the predicted changes in CMIP6
models (Figure S2, S3) in more detail to determine if the
responses are i) consistent across models and ii) similar to
the large-scale changes estimated in previous studies. Indi-
vidual CMIP6 models behave similarly to each other (Fig-
ure S3, S4) with small multi-model standard deviations (Fig-
ure S5a, d) especially when scaled by their multi-model
mean (O∼0.5, Figure S5c, d). Small differences between
model responses in ∆M/∆T can be seen in regions where
the details of ocean-atmosphere interactions likely vary be-
tween models (Figure S5d). Similarly, ∆SST/∆T exhibits
the largest model differences in the region of the North At-
lantic subploar gyre (e.g., Borchert et al., 2021; Carmo-
Costa et al., 2022) (Figure S5c).

We can particularly contrast the CMIP6 tendencies from
this subset of GCMs with the CMIP5 abrupt4 × CO2 sim-
ulation results in Qu, Hall, Klein, and Caldwell (2014b).
Comparing to their Figure 9, we can look at the typical
behavior of temperature mediated (scaled by the change in
tropical air temperature) estimated inversion strength (EIS)
and surface temperature (SST) focusing on the early stage
(first 30 years) which experiences the largest response. We
can estimate EIS from M and ∆Tair−sea = SST − T2m

using the M ≈ ∆Tair−sea − EIS + constant relationship
from I. L. McCoy, Wood, and Fletcher (2017). In gen-
eral, the global increase in ∆EIS/∆T which is emphasized
in sub-tropical decks (Figure S6a) and the global increase
in ∆SST/∆T with larger increases at the high-latitudes
(Figure S2a) agrees with expected behavior under climate
change (e.g., Qu et al., 2014b). The regionally varying al-
though generally decreasing ∆M/∆T follows from this, with
the large North Atlantic decrease associated with strong
weakening of marine cold air outbreaks consistent with ex-
pectations (e.g., Kolstad & Bracegirdle, 2008) (Figure S2b).
We can also examine the expanded Klein-Hartmann boxes
(Klein & Hartmann, 1993; Qu et al., 2014a, 2015) in more
detail, which capture a range of MCC cloud morphologies
in key sub-tropical regions (Figure S1, S6a). Multi-model
changes are consistent in behavior with earlier studies (Qu
et al., 2014b). Individual models agree in sign across regions
and regional multi-model means are within 25-75% of each
other (Figure Sb-e).
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In summary, these investigations into the CMIP6 pre-
dictions under abrupt4×CO2 simulations indicate that the
changes in large-scale environment predicted by this set of 11
CMIP6 models are consistent with the behaviors expected
by prior studies. The multi-model mean values of ∆M/∆T
and ∆SST/∆T shown in Figure S2a, b are thus reasonable
to use in our analysis.
Text S2. The multiple linear regressions used in Equa-
tions 2 and 3 of the main text are weighted by the num-
ber of observations in each bin. For reliability, only bins
where there is a sufficient number of all MCC identifi-
cations (NTotal ≥ 500) and closed MCC identifications
(NClosed ≥ 100) are included in the fits. Because of the
split-fit formulation in Equation 3, it was also necessary to
apply bootstrapping for uncertainty estimation. Fits are
bootstrapped with replacement (×5000) from the original
∆fClosed-M-SST matrix from Figure 2a. The explained vari-
ance of both regressions is high (R2=0.99). Mean and stan-
dard deviation of coefficients (calculated over all 5000 boot-
strapped fits) for Equations 2, 3 are provided in Table S1.

We additionally checked for collinearity between predic-
tors (bins of M, SST where NTotal ≥ 500, NClosed ≥ 100)
and found that it was minimal as the correlation was very
low. For all input data (Equation 2), R2=0.034. For Equa-
tion 3, R2=0.04 for the data subset where SST > 290 K
and 0.03 for SST ≤ 290 K. All of these correlations are
well below the R2=0.9 threshold where predictor collinear-
ity becomes an issue (Qu et al., 2015; D. T. McCoy et al.,
2022).
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Table S1. Mean and Standard Deviations of Regression Coefficients for Equations 2 and 3a,b

Fit a (K−1) b (K−1) c

Total -0.0269±0.0003 -0.0161±0.0002 4.64±0.05
SST > 290 K -0.0230±0.0004 -0.0145±0.0004 4.19±0.12
SST ≤ 290 K -0.0322±0.0002 -0.0165±0.0002 4.69±0.05

a Fits of fClosed −M − SST data (Figure 2a) generally take the form: fClosed = a ·M + b · SST + c.
b Equation 2 uses coefficients from row 1, Equation 3 uses coefficients from rows 2 and 3.

a)

b)

c)

Figure S1. Annual mean MIDAS cloud morphology
relative occurrence frequencies for 2003-2018: a) closed,
b) open, and c) cellular but disorganized MCC.
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a)

b)

c)

Figure S2. CMIP6 simulated change from piControl
to abrupt4 × CO2 in a) sea surface temperature (SST)
and b) lower tropospheric stability (as measured by the
marine cold air outbreak index, M) per degree of global
warming (measured by area-weighted change in 2 m air
temperature, ∆T ). c) Annual mean estimate of random-
overlapped low cloud fraction from the MODIS cloud
mask (Pincus et al., 2020), following Scott et al. (2020).
The black box in c) shows the out-of-sample test region
(15-30◦N, 140-115◦W) where a marine heatwave was in-
fluential between November 2013-January 2016 (Myers et
al., 2018; Schmeisser et al., 2019; Myers et al., 2021).
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Figure S3. Simulated ∆SST/∆T for individual CMIP6
models contributing to the multi-model mean shown in
Figure S2a.
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Figure S4. Simulated ∆M/∆T for individual CMIP6
models contributing to the multi-model mean shown in
Figure S2b.
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a)

b)

c)

d)

Figure S5. Standard deviation across individual CMIP6
model means for a) ∆SST/∆T and c) ∆M/∆T . Ratio of
multi model standard deviation over multi-model mean
for b) ∆SST/∆T and d) ∆M/∆T .
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a)

b)

e)

c)

d)

Figure S6. CMIP6 simulated changes for a) key sub-
tropical regions in Qu et al. (2014a) for b) ∆SST/∆T ,
c) ∆M/∆T , d) ∆Tair−sea/∆T , and e) an approximate
estimate of ∆EIS/∆T using M ≈ ∆Tair−sea − EIS +
constant (I. L. McCoy et al., 2017). a) The multi-model
mean of the approximate ∆EIS/∆T , as in Figure S2. b-
e) Individual model means (shapes) are shown with the
multi-model mean (red circle), 5-95% (thin gray lines),
and 25-75% (thick grey lines) for separate regional boxes
in a) and the combined regional box behavior.
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a) b)

Figure S7. Predicting MIDAS identified scene albedo
from Figure 1 using multiple linear regressions with a) CF
and b) CF and fthin as predictors. Fit predicted albedo
is shown on the y-axis and the raw scene albedo is on
the x-axis. Combined total (black), closed MCC (blue),
open MCC (pink), and cellular but disorganized (orange)
identifications are fit separately. R2 and p values are
shown for the individual (Raw) points and for the mean
fitted albedo within 25 x-axis quantile bins (Bin). Thick
lines show 2SE and thin the 25-75% range within each
quantile. Slope (m) and intercept (c) are shown for the
linear fit applied to the quantile bins (line). A dashed 1:1
line is included for reference. Generally, the closer m is
to one and c is to zero, the better the prediction with the
regression model, suggesting b) captures more of albedo
behavior than a).

a) b) c)

Figure S8. As in Figure 2a-c but for the full MI-
DAS period (2003-2018): the MIDAS relative occurrence
frequency in the M-SST environmental phase space a)
closed, b) open, and c) disorganized MCC.
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Figure S9. As in Figure 2d but using Equation 2 to predict fClosed from Figure 1a.
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a)

b)

c)

d)

Figure S10. As in Figure 3 but predicted from Equa-
tion 4 using coefficients from the no-split model in Equa-
tion 2 instead of the split model in Equation 3. a)
∆fClosed/∆T with the optical depth component of the
morphology feedback per ∆T assuming closed MCC shift
to b) open MCC, c) cellular but disorganized MCC, or d)
an aggregate of open and disorganized MCC dependent
on initial SST.


