Supplementary 
Table S1: List of CMIP6 models used in this study. The models marked with a star are not used in Figs. 1a and 2 and those marked with a plus sign partition liquid and ice hydrometeors using complex microphysics schemes while the other rely mainly on temperature-dependent relationships. The T50/50 lidar of MPI-ESM1-2-LR and NorESM2-LM are derived using the same method as for the CMIP5 models (see Methods). Note that the T50/50 multimodel means do not correspond to the average of the values in the T50/50 column. Instead, T50/50 multimodel means were obtained by computing the multimodel means of the LPR first and then by applying the method (Methods). The bias corresponds to simulations minus CALIPSO-GOCCP observations (T50/50 = -˚C). The ECS are from Cesana and Del Genio63.


	Model name
	ECS (˚C)
	T50/50 (˚C)
	

	
	
	
	
	Low optical depth
	Optical depth
	Amount

	
	
	Original
	Lidar
	Bias
	
	
	

	BCC-CSM2-MR
	3.02
	-22.9
	-35.4
	-15.8
	-0.01
	-0.14
	-0.39

	CanESM5+
	5.64
	-13.4
	-15.4
	4.2
	-0.05
	-0.52
	-0.11

	CESM2+
	5.15
	-18.7
	-23.4
	-3.8
	-0.03
	-0.22
	0.21

	CNRM-CM6-1
	4.9
	-15.2
	-24.8
	-5.2
	-0.03
	-0.34
	0.12

	GFDL-CM4+
	3.89
	-9.5
	-23.4
	-3.8
	0.04
	-0.15
	0.61

	GISS-E2-1-G
	2.71
	-32.0
	-32.4
	-12.8
	-0.09
	-0.46
	-0.15

	HadGEM3-GC31-LL*+
	5.55
	-5.8
	-9.1
	10.5
	0.04
	-0.15
	0.46

	IPSL-CM6A-LR
	4.56
	-23.2
	-29.0
	-9.4
	-0.11
	-0.62
	0.46

	MIROC6+
	2.6
	-6.8
	-14.3
	5.3
	-0.16
	-0.47
	-0.18

	MRI-ESM2-0
	3.13
	-25.9
	-28.8
	-9.2
	0.02
	-0.19
	-0.31

	MPI-ESM1-2-LR*+
	3.03
	-5.5
	-14.3
	5.3
	-0.48
	-1.05
	-0.02

	NorESM2-LM*+
	2.56
	-21.7
	-30.5
	-10.9
	-0.05
	-0.20
	0.26

	Mean 9 models
	4.0
	-18.0
	-26.8
	-7.2
	-0.05
	-0.34
	0.03

	Mean 12 models*
	3.9
	-15.5
	-24.3
	-4.7
	-0.08
	-0.38
	0.08






Table S2: Same as Table 1 for CMIP5 models. The method to derive T50/50 lidar is described in the Methods section. 
	Model name
	ECS (˚C)
	T50/50 (˚C)
	Feedback (Wm-2K-1)

	
	
	
	Low optical depth
	Optical depth
	Amount

	
	
	Original
	Lidar
	
	
	

	bcc-csm1-1-m
	2.89
	-28.3
	-40.8
	-0.12
	-0.40
	-0.65

	CanESM2
	3.7
	-13.8
	-15.9
	-0.13
	-0.66
	-0.15

	CCSM4
	2.94
	-30.1
	-34.7
	0.08
	-0.03
	-0.59

	CNRM-CM5
	3.25
	-15.0
	-24.7
	-0.28
	-0.56
	-0.01

	GFDL-CM3
	3.99
	-6.4
	-20.3
	0.01
	-0.28
	0.31

	GISS-E2-H
	2.12
	-16.2
	-16.6
	-0.63
	-1.25
	-0.07

	HadGEM2-ES*
	4.58
	-2.3
	-5.6
	-0.03
	-0.32
	0.22

	IPSL-CM5B-LR
	2.61
	-6.7
	-12.4
	-0.18
	-0.61
	0.52

	MIROC5
	2.71
	-3.9
	-11.5
	-0.16
	-0.38
	-0.34

	MRI-CGCM3
	2.61
	-13.1
	-16.0
	-0.04
	0.01
	-0.53

	MPI-ESM-LR*
	3.63
	-5.2
	-14.0
	-0.50
	-0.67
	0.05

	NorESM1-M*
	2.85
	-30.2
	-39.0
	0.10
	0.27
	-0.33

	Mean 9 models
	3.0
	-15.3
	-24.1
	-0.16
	-0.46
	-0.17

	Mean 12 models*
	3.2
	-14.3
	-23.1
	-0.16
	-0.41
	-0.13




Table S3: Same as Table 1 for CMIP3 models.

	Model name
	Method to derive T50/50
	T50/50 (˚C)
	Reference

	CCSM3
	Computed from the relationship in Boville et al. (2006)
	-25
	Boville et al.65

	CNRM-CM3
	Computed from: LPR = (1 - exp(-(T-Tt)2/(2*dT2)); dT = 11.82 K and
Tt = 273.16 K 
	-14
	Voldoire et al.14

	GFDL-CM2
	Read from Tsushima et al. (2006)
	-12.5
	Rotstayn et al.66

	GISS-ModelE
	Read from Del Genio (1996)
	-12.5
	Del Genio67

	HadGEM
	Read from Tushima et al. (2006)
	-11
	Webb et al.56

	IPSL-CM4
	Computed from the relationship in Le Treut and Li (1991)
	-1.6
	Le Treut and Li68

	MIROC3.2
	Read from Tsushima et al. (2006)
	-14.2
	K-1 model developers 69





Table S4: List of observational datasets used in Fig. 1b. CALIPSO-GOCCP, shown in bold in the table, is the observational dataset used to evaluate the climate models in this study.
	Platform
	Instrument
	Location
	type of LPR
	T50/50 (˚C)
	Reference

	Satellite
	lidar
	82˚S/N
	hybrid combination of frequency and volume 
	-23.31
	Hu et al.40

	
	CALIPSO-GOCCP lidar
	82˚S/N
	frequency of occurrence
	-19.61
	Cesana et al.29

	
	radiometer, spectrometer
	90˚S/N
	frequency of occurrence
	-16.49
	Stubenrauch et al.70; Cesana et al. 29

	Ground-based sites
	lidar
	Mid latitudes, 2 site
	frequency of occurrence
	-21.78
	Naud et al.31

	
	lidar, radar and radiometer
	Arctic, 3 sites
	frequency of occurrence
	-13.4
	Shupe38

	
	Radar and soundings
	Arctic, 1 site
	frequency of occurrence
	-9.67
	Silber et al.37

	Aircrafts
	In situ probe
	Ex-Soviet Union
	frequency of occurrence
	-15.17
	Feigelson (1978)

	
	In situ probe
	Washington State, USA
	frequency of occurrence
	-9.22
	Wallace and Hobbs71

	
	In situ probe
	United Kingdom
	mass
	-3.65
	Moss and Johnson36






Table S5: Effect of constraining T50/50 on CMIP6 models’ ECS. The corrected bias corresponds to simulations minus the closest value of CALIPSO-GOCCP observational range (T50/50 = -˚C). The constrained ECS are computed by adding the effect of correcting T50/50 bias to the original ECS (see Methods). 


	Model name
	ECS (˚C)
	T50/50 (˚C)
	

	
	
	
	Constrained ECS (˚C)
	Difference constrained - original

	
	
	Lidar
	Corrected Bias
	
	

	BCC-CSM2-MR
	3.02
	-35.4
	-14.2
	4.16
	1.14

	CanESM5
	5.64
	-15.4
	2.6
	5.43
	-0.21

	CESM2
	5.15
	-23.4
	-2.2
	5.33
	0.18

	CNRM-CM6-1
	4.9
	-24.8
	-3.6
	5.19
	0.29

	GFDL-CM4
	3.89
	-23.4
	-2.2
	4.07
	0.18

	GISS-E2-1-G
	2.71
	-32.4
	-11.2
	3.61
	0.90

	HadGEM3-GC31-LL*
	5.55
	-9.1
	8.9
	4.84
	-0.71

	IPSL-CM6A-LR
	4.56
	-29.0
	-7.8
	5.18
	0.62

	MIROC6
	2.6
	-14.3
	3.7
	2.30
	-0.30

	MRI-ESM2-0
	3.13
	-28.8
	-7.6
	3.74
	0.61

	MPI-ESM1-2-LR*
	3.03
	-14.3
	3.7
	2.73
	-0.30

	NorESM2-LM*
	2.56
	-30.5
	-9.3
	3.30
	0.74

	Mean 12 models*
	3.9
	-24.3
	-3.1
	4.16
	0.26

	Standard deviation 12 models*
	1.2
	8.7
	7
	1.06
	0.56




Figure S1: Relationship between temperature and LPRfreq in CMIP6 models against CALIPSO-GOCCP observations. The global frequency of occurrences (%) of liquid phase ratio (LPR) as a function of the temperature (°C) for CALIPSO-GOCCP observations29 (2007-2015 Nighttime v2.9) and the bias of nine CMIP6 models using the lidar simulator and the multimodel mean. The black and red lines correspond to the mean frequency LPR as shown in Fig. 2 for CALIPSO-GOCCP observations and the models, respectively. The dash-dotted and dotted red lines in the bottom right plot correspond to temperature-dependent and complex-microphysics model means (Table S1), respectively. Note that GISS-E3-705-G (Tun2) is not used in the multimodel mean analysis from the main manuscript.
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Figure S2: Evaluation of CMIP6 cloud phase profiles against CALIPSO-GOCCP observations. Zonal profiles of LPR (left column), ice cloud fraction (middle column), and liquid cloud fraction (right column) for CALIPSO-GOCCP (2007-2016 Nighttime v2.9, top row), the average of nine CMIP6 models (Table S1, middle row) using the lidar simulator and the bias (model-mean minus observations, bottom row). Note that the red and blue shadings correspond to grid boxes dominated by liquid (LPR = 1) and ice (LPR = 0) phase, respectively. The 2% contour of the liquid and ice cloud fraction for observations and simulations are shown in a, d and g.

[image: ]




Figure S3: Effect of the precipitation on the relation between temperature (°C) and frequency liquid phase ratio (LPRfreq).  Calculated LPR in four different configurations of GISS-ModelE349, CESM2, and MIROC6 ESMs is systematically reduced when including the effect of precipitation (solid) versus neglecting it (dotted), but by variable degrees depending on the model (see legend). 
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Figure S4: Zonal low-level cloud feedbacks in CMIP6 and CMIP5 models. Low-level total, optical depth and amount cloud feedback in CMIP6 (red) and CMIP5 (blue) models from Zelinka et al.7 (solid) and for the subset of twelve CMIP5 and CMIP6 models used in our analysis (dotted). The vertical dotted lines show the 75˚S /N to 55˚S/N latitudinal bands used to define the extratropics. 

[image: ]


Figure S5: Relationship between cloud phase and feedback in GISS-ModelE3. The left column shows the SW optical depth feedback from low-level clouds and from all clouds, the cloud amount feedback, the total extratropical SW feedback and the global net feedback from all-level clouds (from top to bottom; Methods) as a function of T50/50 in six configurations of GISS-ModelE3 (Methods) while the right column shows the feedback as a function of 1 minus the mean of the LPR between -40 and 0˚C (Methods).

[image: ]

Figure S6: Sensitivity of liquid and ice cloud profiles to LPR in GISS-ModelE3. Vertical profiles (temperature in ˚C) of ice and liquid cloud fractions (a, c; CF in %) and their corresponding future cloud fraction changes in response to a uniform 4K surface temperature increase (AMIP4K – AMIP; b, d; %) as simulated by the six GISS-ModelE3 configurations. We note that the increase in liquid cloud fraction mostly occurs at warm temperatures.


[image: ]

Figure S7: Sensitivity of liquid and ice cloud profiles to LPR in GISS-ModelE3. Vertical profiles of ice and liquid cloud fractions (a, c; CF in %) and their corresponding future cloud fraction changes in response to a uniform 4K surface temperature increase (AMIP4K – AMIP; b, d; %) as simulated by the GISS-ModelE3 Tun1, Tun2 and their modified configurations with greater (Tun1 LPR+) and fewer (Tun2 LPR-) supercooled clouds. We use dashed lines (minus symbol) to indicate that the model (Tun1 and Tun2 LPR-) has a smaller present-day LPR (fewer supercooled clouds) compared to its counterpart configuration (Tun1 LPR+ and Tun2). 

 [image: ]


Figure S8: Effect of cloud phase on cloud feedbacks. From top to bottom, zonal mean of total (W m−2 K−1), amount and optical depth cloud feedbacks (Methods) as simulated by the GISS-ModelE3 Tun1, Tun2 and their modified configurations with greater (Tun1 LPR+) and fewer (Tun2 LPR-) supercooled clouds. We use dashed lines (minus symbol) to indicate that the model (Tun1 and Tun2 LPR-) has a smaller present-day LPR (fewer supercooled clouds) compared to its counterpart configuration (Tun1 LPR+ and Tun2). The mean extratropical feedbacks are shown in the legend.
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Figure S9: Sensitivity of liquid and ice cloud profiles to climate change in the extratropics. a, Ice and liquid cloud fractions (%) in CALIPSO-GOCCP observations (v2.9; solid), CMIP6 models (dark dots) and GISS-ModelE3 (ensemble mean; light dots). b, Interannual change per kelvin of SST warming with EIS held constant (%/K). c, Same as b for EIS with SST held constant. d, Inferred cloud change (%/K; Methods). e, Observed inferred cloud change contribution from opaque and non-opaque clouds (CALIPSO-GOCCP v3.1.272).
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Figure S10: Relationship between global, extratropical cloud feedback and ECS.  (top) The difference in area-weighted global SW cloud feedback between the CMIP6 and CMIP5 versions of each modeling center (i.e., over the whole globe and from all-level clouds) as a function of the corresponding extratropical mean SW cloud feedback (bottom) and as a function of the corresponding ECS difference.
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Figure S11: Relationship between liquid-to-ice transition temperature (T50/50) and the optical depth feedback from low-level clouds over the extratropics in each CMIP5 and CMIP6 models (open and solid circles, respectively).

[image: ]
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