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ABSTRACT 20 

 Changes in cloud scattering properties and emissivity that arise from atmospheric warming 21 

cause substantial radiative feedbacks in model projections of anthropogenic climate change, and 22 

the relative importance of the underlying mechanisms is poorly understood. One leading 23 

hypothesis is that ice-to-liquid conversions cause clouds to optically thicken, producing a major 24 

negative feedback. We test this hypothesis by developing a method to decompose cloud radiative 25 

feedbacks by cloud-top phase. The method is applied to an ensemble of six state-of-the-art global 26 

climate models run with prescribed sea-surface temperature. In these simulations, the global mean 27 

of the net cloud scattering and emissivity feedback from cloud-phase conversions ranges from -28 

0.17 to -0.01 W m-2 K-1, while the overall net cloud feedback ranges from 0.02 to 0.91 W m-2 K-1. 29 

The multi-model mean of the cloud scattering and emissivity feedback from cloud-phase 30 

conversions is approximately 19% of the magnitude of the multi-model mean of the overall cloud 31 

feedback (-0.10 W m-2 K-1 vs. 0.52 W m-2 K-1). These results indicate that cloud-phase conversions 32 

cause a robust negative feedback by changing cloud scattering and emissivity, but this mechanism 33 

makes a modest contribution to the overall cloud feedback at the global scale. 34 

 35 

SIGNIFICANCE STATEMENT 36 

Climate warming changes Earth’s cloud properties, which then changes the temperature 37 

further. One cloud-climate feedback mechanism involves the conversion of cloud ice particles to 38 

liquid droplets with warming. This makes clouds more opaque, causing them to reflect more solar 39 

radiation back to space. It is widely accepted that this mechanism dampens climate warming, but 40 

its importance relative to other feedback mechanisms has been unclear. This study develops a 41 

method to estimate the cloud opacity feedback from ice-to-liquid conversions in climate-model 42 

simulations. On average, cloud-opacity changes from phase conversions explain approximately 43 

19% of the overall cloud-climate feedback in an ensemble of six climate models. This finding 44 

clarifies the importance of cloud-phase conversions in projections of anthropogenic climate 45 

change.  46 
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1. Introduction 47 

 A central concept in climate science is that the response to an external perturbation can be 48 

explained by the sum of individual radiative feedbacks from changes in water vapor, lapse rate, 49 

surface albedo, clouds, and other characteristics of the climate system. Among these, the cloud 50 

feedback is the largest source of uncertainty in projections of climate sensitivity to CO2 forcing 51 

from comprehensive global climate models (GCMs) (Zelinka et al., 2020; Sherwood et al., 2020; 52 

Forster et al., 2021). Reducing this uncertainty is a key goal in climate research. 53 

 An extension of this goal is to partition the cloud feedback into contributions from different 54 

cloud properties to provide insight into the underlying mechanisms. For instance, Zelinka et al. 55 

(2012b) developed a method to partition the cloud feedback in GCM simulations into components 56 

from changes in cloud altitude, cloud amount, and cloud visible optical thickness (COT). This 57 

method has identified a feedback from rising cloud altitude in the upper troposphere that is 58 

simulated by many GCMs and predicted by basic theory (Hartmann and Larson, 2002; Zelinka et 59 

al., 2016). Another common feedback across GCMs has been identified from shrinking cloud 60 

amount in the subtropical boundary layer due to changes in various meteorological factors (Ceppi 61 

et al., 2017). These findings bridge the gap between feedback quantification and physical process 62 

understanding. 63 

 Feedbacks from changes in COT have been more difficult to explain (Terai et al., 2019). 64 

One potential mechanism involves changes in cloud thermodynamic phase. As the atmosphere 65 

warms, some cloud condensate that would have been ice in the unperturbed climate is replaced by 66 

liquid. Liquid droplets are typically smaller and have a larger surface-area-to-volume ratio than 67 

ice particles, so liquid cloud is optically thicker than ice cloud for the same amount of vertically 68 

integrated condensate. Pure-liquid clouds also precipitate less efficiently than ice-containing 69 

clouds, so ice-to-liquid conversions may reduce precipitation and increase the total cloud 70 

condensate (Zhao et al., 2016). The result of these mechanisms is that ice-to-liquid conversions 71 

lead to optically thicker and longer lasting clouds that reflect more solar radiation back to space. 72 

It has been hypothesized that this may be a powerful negative feedback that can control the sign 73 

of the overall cloud feedback simulated by some GCMs, particularly through the change in COT 74 

(Li and Le Treut, 1991; Storelvmo et al., 2015; Tan et al., 2016). 75 



 4 

 Several studies have investigated the cloud-phase feedback with targeted GCM 76 

experiments. Mitchell et al. (1989) performed early GCM simulations with one configuration that 77 

permitted the cloud-phase feedback to operate and another configuration that did not. They found 78 

that activating the configuration that permitted the cloud-phase feedback reduced the equilibrium 79 

surface-temperature response to a doubling of atmospheric CO2 from 5.2 K to 2.7 K. A variety of 80 

experiments with variants of the Community Atmosphere Model have also found that 81 

configurations with a larger cloud ice water path (IWP) in the preindustrial climate simulate a 82 

larger increase in cloud liquid water path (LWP) in response to surface warming and a smaller 83 

climate sensitivity to CO2 forcing, presumably because increasing the preindustrial cloud ice 84 

strengthens the cloud-phase feedback (Choi et al., 2014; Ceppi et al., 2016; McCoy et al., 2016; 85 

Tan et al., 2016; Frey and Kay, 2018; Bjordal et al., 2020; Zhu et al., 2022; Duffy et al., 2024; 86 

Hofer et al., 2024). However, Lohmann and Neubauer (2018) performed perturbed parameter 87 

experiments with the ECHAM6-HAM2 GCM and found that preindustrial cloud ice is not 88 

systematically related to cloud feedback. Bodas-Salcedo (2018) estimated that phase changes 89 

cause less than one third of the midlatitude cloud feedback in the Met Office Unified Model 90 

because they mostly occur in optically thick clouds that are not susceptible to increases in albedo. 91 

These studies suggest that cloud-phase changes may cause a powerful negative feedback in some 92 

GCMs but not others.  93 

 Other studies have estimated the cloud-phase feedback with radiative transfer calculations 94 

informed by GCM output. McCoy et al. (2015) calculated radiative fluxes above an idealized 95 

mixed-phase cloud over the Southern Ocean. In one calculation the cloud was assigned the LWP 96 

and IWP averaged over space and time from historical GCM simulations from the Coupled Model 97 

Intercomparison Project Phase 5, and in a second calculation the LWP and IWP were changed by 98 

equal and opposite amounts. This approach neglects differences in phase changes across cloud 99 

regimes, which may bias the feedback estimates (Bodas-Salcedo et al., 2016). Mülmenstädt et al. 100 

(2021) avoided this limitation by estimating the cloud-phase feedback with high-frequency output 101 

from the ECHAM-HAMMOZ GCM. However, they assumed that ice-to-liquid conversions cause 102 

negligible changes in cloud amount and total condensate path outside latitudes of approximately 103 

40° to 70°, thereby neglecting this component of the cloud-phase feedback over 70% of the globe. 104 

Furthermore, McCoy et al. (2015) and Mülmenstädt et al. (2021) both estimated the component of 105 

the cloud-phase feedback that is caused by changes in phase partitioning over the Southern Ocean, 106 
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but their estimates differ by a factor of five. Thus, either the true cloud-phase feedback varies 107 

dramatically across GCMs or the estimated feedback is quite sensitive to assumptions in the 108 

methodology. This ambiguity makes it difficult to determine the importance of the cloud-phase 109 

feedback. 110 

 Although these studies provide a qualitative picture of the cloud-phase feedback in GCM 111 

simulations, there has not been a rigorous and globally complete assessment of the feedback. Here 112 

we address this challenge by developing a method to decompose the cloud feedback by cloud-top 113 

phase. The main advantage of the method is that it partitions the COT feedback into components 114 

from ice-topped clouds, liquid-topped clouds, mixed-ice-and-liquid-topped clouds, and shifts 115 

between these phase categories. The method is applied to six GCMs to quantify the global feedback 116 

from changes in cloud scattering and emissivity that is caused by changes in cloud phase. This 117 

allows us to test the hypothesis that phase changes cause a powerful negative COT feedback in 118 

GCM simulations (Storelvmo et al., 2015; Tan et al., 2016). 119 

2. Data and Methods 120 

a. GCM Simulations 121 

Simulations are performed with the atmosphere and land components of five state-of-the-122 

art GCMs, including the Geophysical Fluid Dynamics Laboratory Atmosphere Model v. 4 (Zhao 123 

et al., 2018a; Zhao et al., 2018b), the Energy Exascale Earth System Model v. 2 (Golaz et al., 124 

2022), the Norwegian Earth System Model v. 2.1.1 (Seland et al., 2020), the Model for 125 

Interdisciplinary Research on Climate v. 6 (Tatebe et al., 2019), and Community Earth System 126 

Model v. 2.1.5 (Danabasoglu et al., 2020). We refer to these models as GFDL, E3SMv2, 127 

NorESM2, MIROC6, and CESM2, respectively. Simulations are also performed with a version of 128 

MIROC6 in which the standard diagnostic precipitation scheme is replaced by the prognostic 129 

precipitation scheme of Michibata et al. (2019). We refer to this model as MIROC6-PP. All of the 130 

GCMs except MIROC6-PP have variants that participated in the Coupled Model Intercomparison 131 

Project Phase 6 (CMIP6). GFDL, MIROC6, and CESM2 use similar cloud schemes to the CMIP6 132 

versions of the models, and E3SMv2 and NorESM2 use cloud schemes that have been updated 133 

from their CMIP6 counterparts in preparation for the Coupled Model Intercomparison Project 134 

Phase 7 (Golaz et al., 2022; Olivié, 2024; Debolskiy, 2024). The standard names for the CMIP6 135 
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versions of GFDL, E3SMv2, NorESM2, MIROC6, and CESM2 are GFDL-CM4, E3SM-1-0, 136 

NorESM2-MM, MIROC6, and CESM2, respectively. 137 

For each GCM, two simulations are performed with prescribed climatological annual 138 

cycles of sea-surface temperature and sea-ice fraction. The first simulation represents preindustrial 139 

conditions, and the second simulation represents the equilibrium climate state following a 140 

sustained doubling of atmospheric CO2 concentration relative to the preindustrial era. We refer to 141 

these simulations as CTL and WARM, respectively. Most of the GCMs had not been run to 142 

equilibrium in their fully coupled configurations with these CO2 concentrations at the time of 143 

study, so the sea-surface temperature and sea-ice boundary conditions are obtained from 144 

equilibrated simulations of the Geophysical Fluid Dynamics Laboratory CM3 GCM (Donner et 145 

al., 2011; Griffies et al., 2011). The surface boundary conditions for CTL are obtained by 146 

computing the average annual cycle from the final 100 years of a 4600-year preindustrial control 147 

simulation in fully coupled configuration, and the boundary conditions for WARM are obtained 148 

by computing the average annual cycle over the same time period from a corresponding simulation 149 

with atmospheric CO2 concentration doubled from the preindustrial value (Fig. 1). The same 150 

ocean-surface boundary conditions are applied to all six GCMs. Global-mean surface air 151 

temperature is between 4.3 K and 4.7 K warmer in the WARM simulation than the CTL simulation. 152 

This quantity varies slightly across models because of differences in surface warming over land. 153 

Atmospheric CO2 concentration is fixed at a preindustrial value of 284 ppmv for both the CTL and 154 

WARM simulations. This prevents cloud adjustments to CO2 forcing and ensures that differences 155 

in clouds between the two simulations represent only cloud radiative feedbacks. Simulations are 156 

run for at least 10 years to robustly quantify feedbacks, and the first simulation year is discarded 157 

for model spin-up (Qin et al., 2022). Model output is linearly interpolated to a common horizontal 158 

grid of 1° latitude and 1.25° longitude. The native resolution, simulation length, and primary 159 

parameterizations that determine the partitioning of cloud condensate into ice and liquid phases in 160 

the GCMs are summarized in Table S1.  161 

 All simulations are run with the Moderate Resolution Imaging Spectroradiometer 162 

(MODIS) satellite instrument simulator (Bodas-Salcedo et al., 2011; Pincus et al., 2012). This 163 

simulator generates synthetic pixel-scale retrievals of cloud-top pressure (CTP), COT, and cloud-164 

top phase that mimic what MODIS would report if it were orbiting above the model atmosphere 165 
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(Pincus et al., 2012). Because MODIS is a passive instrument, the retrieved COT represents the 166 

total column-integrated cloud optical thickness, and CTP and cloud-top phase represent the top of 167 

the highest cloud in the column. The simulator mimics the retrieval limitations of MODIS by 168 

reporting data only if sunlight is present and excluding clouds that have a column-integrated COT 169 

below 0.3. Synthetic satellite pixels are always either entirely cloud covered or entirely clear sky, 170 

so retrieval biases that affect partly cloud-covered pixels in real observations are not present in the 171 

MODIS-simulator output. Monthly statistics of the synthetic pixel data are computed over model 172 

grid boxes and output for analysis. 173 

We analyze MODIS cloud-property histograms that represent cloud area fraction 174 

partitioned by CTP, COT, and cloud-top phase (Fig. 2a-c). The MODIS histograms are similar to 175 

the standard histograms from the International Satellite Cloud Climatology Project (ISCCP) except 176 

that they are further partitioned by cloud-top phase (Webb et al., 2001; Medeiros et al., 2023; Davis 177 

and Medeiros, 2024). Phase is classified based on the condensate between the top of the highest 178 

cloud and one optical depth unit below. If the visible extinction in this interval is at least 70% from 179 

liquid droplets, then the cloud is classified as liquid. If the visible extinction is at least 70% from 180 

ice crystals, then the cloud is classified as ice. If neither or these conditions are satisfied, then the 181 

cloud is classified as undetermined phase following the nomenclature of MODIS observational 182 

data. Undetermined-phase clouds include true mixed-phase clouds and cases where an ice cloud 183 

with COT between 0.3 and 0.7 occurs above a liquid cloud. The thresholds used in this 184 

classification are chosen so that the results approximately agree with the real MODIS operational 185 

cloud-phase retrieval algorithm (Pincus et al., 2012). The phase-separated CTP-COT joint 186 

histograms are developed for this study by modifying the MODIS simulator in the COSPv2.0 187 

software package (CFMIP, 2024). These modifications expand the output variables of the 188 

simulator to include new histograms of the synthetic pixel-level retrievals, but they do not change 189 

the computations of the pixel-level retrievals themselves. 190 

 191 
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 192 

Figure 1. Difference in (a) ocean-surface temperature and (b) sea-ice fraction between the WARM and CTL 193 
simulations. The plotted values are annual averages. Surface temperatures represent the average over both open 194 
ocean and sea ice. Maps are plotted with a Hammer equal-area projection in all figures. 195 
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 197 

Figure 2. Global- and multi-model-mean of the cloud histograms and radiative kernels. (a-c) Difference in the 198 
cloud histograms between the WARM and CTL simulations for liquid-topped clouds, undetermined-phase 199 
clouds, and ice-topped clouds, respectively. The units are cloud area fraction (%). (d-f) LW cloud radiative 200 
kernels for liquid-topped clouds, undetermined-phase clouds, and ice-topped clouds, respectively. The units are 201 
watts per square meter per unit change in cloud area fraction (W m-2 %-1). (g-h) Similar to (d-f) but for SW cloud 202 
radiative kernels. The histograms and kernels are functions of CTP, COT, cloud-top phase, latitude, longitude, 203 
and calendar month, but they have been averaged over the latitude, longitude, and month dimensions for 204 
presentation. 205 

 206 
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Shortwave (SW) and longwave (LW) cloud radiative kernels are computed for the MODIS 208 

histograms. The kernels quantify the radiative flux anomaly at the top of the atmosphere that would 209 

occur if the cloud fraction in a given histogram bin were to increase by 1% with all non-cloud 210 

factors fixed to their average annual cycles. The kernels are similar to those of Zelinka et al. 211 

(2012a; hereafter Z12) except that they have an additional dimension of cloud-top phase (Fig. 2d-212 

i). Besides this exception, we compute the kernels by closely following the method of Z12. 213 

The first step of the kernel calculation is to quantify the clear-sky upward SW and LW 214 

radiative fluxes at the top of the atmosphere for various combinations of surface albedo, latitude, 215 

and calendar month. Calculations are performed with the RRTMG radiative transfer model 216 

(Clough et al., 2005) using inputs that include a standard ozone profile; uniform mixing ratios of 217 

330 ppmv, 1.6 ppmv, and 0.28 ppmv for atmospheric CO2, CH4, and N2O, respectively; a uniform 218 

surface emissivity of 0.99, and a solar constant of 1361 W m-2. Surface temperature, atmospheric 219 

temperature, and specific humidity are prescribed to the average annual cycles from the CTL 220 

simulations. These variables are averaged zonally and averaged across the six GCMs before they 221 

are input to the radiative transfer model. We then calculate the clear-sky upward LW flux at the 222 

top of the atmosphere for each combination of latitude and calendar month. SW fluxes are 223 

computed similarly except that surface albedo and insolation are varied to account for surface 224 

variations and the diurnal cycle. For a given latitude and calendar month, we chose a day in the 225 

middle of the month and calculate the average of the cosine of the solar zenith angle 𝜇 for each 226 

one-hour interval throughout the day. The clear-sky SW flux is computed for each of the 24 values 227 

of 𝜇 and then averaged. Calculations are performed with surface albedo of 0, 0.5, and 1. The final 228 

result is a matrix of clear-sky upward LW and SW flux at the top of the atmosphere as a function 229 

of surface albedo, latitude, and calendar month. 230 

The next step is similar to the clear-sky calculations except that we introduce an overcast 231 

and horizontally uniform cloud and systematically vary the CTP, COT, and cloud-top phase. 232 

Liquid-topped clouds are assumed to consist entirely of liquid and to have a cloud-droplet effective 233 

radius of 10 𝜇m, and the LWP is computed from the COT and cloud-droplet effective radius using 234 

Eq. (1) of Slingo (1989). Ice-topped clouds are assumed to consist entirely of ice and to have an 235 

ice-crystal effective radius of 30 𝜇m, and IWP is computed from the COT and ice-crystal effective 236 

radius using Eq. (3.9a) and Eq. (3.12) of Fu (1996). Undetermined-phase clouds are treated 237 
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similarly except that half of the COT is assumed to be associated with ice particles and the other 238 

half of the COT is assumed to be associated with liquid droplets. The cloud condensate is placed 239 

in a single pressure interval that has a top at the specified CTP. For each latitude, surface albedo, 240 

calendar month, and cloud-top phase, we compute the upward SW and LW fluxes at the top of the 241 

atmosphere with different combinations of CTP and COT that correspond to the edges of the 242 

MODIS histogram bins. Separate calculations are performed for the four edges of each CTP-COT 243 

bin, and the results are averaged to get one SW and LW flux value for each bin. The resulting 244 

values are subtracted from the clear-sky upward radiative fluxes to determine cloud radiative 245 

effects (CRE). The result of these calculations is a matrix of SW CRE and LW CRE above an 246 

overcast cloud as a function of latitude, surface albedo, calendar month, CTP, COT, and cloud-top 247 

phase. 248 

The final step of the calculation is to convert the overcast-sky CRE to a cloud radiative 249 

kernel, 𝐾. Let 𝐶 represent the histogram-partitioned cloud fraction, and let 𝑅 represent the top-of-250 

atmosphere SW or LW radiative flux. For a given latitude, surface albedo, and calendar month, 𝐾 251 

represents the radiative flux anomalies caused by changes in 𝐶 with all non-cloud factors fixed at 252 

their average annual cycles: 253 

𝐾 ≡
𝜕𝑅
𝜕𝐶. 254 

𝐾 is computed by dividing the overcast-sky CRE by 100% cloud fraction in order to obtain the 255 

radiative flux anomaly averaged over the grid box per unit change in cloud fraction. We apply 256 

linear interpolation to transform 𝐾 from dimensions of latitude and surface albedo to dimensions 257 

of latitude and longitude using the average annual cycle of clear-sky surface albedo from the CTL 258 

simulations. The interpolation is performed separately for each GCM so that each model has a 259 

unique SW kernel that is consistent with its mean-state surface albedo. The final radiative kernels 260 

have units of watts per square meter per percentage change in cloud fraction (W m-2 %-1) and are 261 

functions of latitude, longitude, calendar month, CTP, COT, and cloud-top phase (Fig. 2d-i). The 262 

kernels and MODIS histograms reproduce monthly SW, LW, and net CRE anomalies from natural 263 

variability with biases of approximately +14%, -8%, and +5%, respectively (Appendix A). 264 

One notable characteristic of the kernel calculation is that COT is prescribed to a set of 265 

specific values. Thus, the assumptions about cloud effective radius and phase partitioning in the 266 
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kernel calculation affect cloud single-scattering properties, but they do not affect COT. In other 267 

words, if the effective radius or phase partitioning is changed when calculating any element of the 268 

kernel, then the cloud water path would also be changed in order to keep the COT constant. For 269 

this reason, the kernels are similar across the cloud-top phase dimension, and the kernel-based 270 

estimates of cloud radiative effects depend weakly on the effective radius and phase partitioning 271 

that are assumed in the kernel calculation (Fig. 2d-i; Fig. S1; Table S2; Wall et al., 2022). 272 

c. Estimating Cloud Feedbacks 273 

The MODIS histograms and cloud radiative kernels are used to estimate cloud radiative 274 

feedbacks. The total cloud feedback, 𝜆!"#, is estimated according to: 275 

 𝜆!"# =
1

𝛥〈𝑇$〉
///𝐾%&'𝛥𝐶%&'

(

')*

+

&)*

+

%)*

 (1) 

where 𝛥 represents the difference between the average annual cycles of the WARM and CTL 276 

simulations; 〈𝑇$〉 is global-mean annual-mean surface air temperature; and 𝑝, 𝑡, and 𝑖 correspond 277 

to the CTP, COT, and cloud-top phase dimensions of the MODIS histogram, respectively (𝑖 = 1 278 

for ice-topped clouds, 𝑖 = 2 for liquid-topped clouds, and 𝑖 = 3 for undetermined-phase clouds). 279 

Eq. (1) is evaluated for each combination of latitude, longitude, and calendar month, then averaged 280 

over the month dimension. An exception is made in polar night because the MODIS simulator 281 

does not report data in the absence of sunlight. In this case, the SW feedback is set to zero, and the 282 

LW feedback averaged over months with sunlight is assumed to be representative of the LW 283 

feedback averaged over the entire year (Z12). Feedback contributions from ice-topped clouds, 284 

liquid-topped clouds, and undetermined-phase clouds can be estimated separately by restricting 285 

the sum in Eq. (1) to a single cloud-top phase category (i.e. restricting 𝑖 to a single value). 286 

 We also decompose 𝜆!"# to isolate the COT feedback from changes in cloud-top phase. 287 

The first step of the decomposition is to partition 𝜆!"# into a component associated with changes 288 

in cloud amount and altitude and a component associated with changes in cloud scattering 289 

properties and emissivity. This step is performed separately at each latitude-longitude grid-point 290 

for each calendar month and for each CTP bin. Controlling for CTP is particularly important for 291 

diagnosing the cloud-phase feedback because it ensures that the feedback estimates represent 292 
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phase conversions between clouds at the same pressure level. For a given latitude, longitude, 293 

calendar month, and CTP bin 𝑝, the total cloud fraction, 𝐶&,&,%, is given by 294 

𝐶&,&,% =//𝐶%&'

(

')*

+

&)*

. 295 

𝐶&,&,% can change if either the overall cloud amount changes or if clouds shift vertically from one 296 

CTP bin to another. The proportionate change in cloud fraction, 𝛥𝐶5%&', is defined by 297 

𝛥𝐶5%&' ≡ 𝛥𝐶&,&,%
𝐶̅%&'
𝐶&̅,&,%

 298 

where overbars denote values from the average annual cycle of the CTL simulation. This term 299 

represents the change in cloud fraction that would occur if 𝛥𝐶&,&,% were distributed among the 300 

COT and cloud-top phase bins such that the proportion of cloud fraction in each bin remains the 301 

same as the climatology. In other words, this term represents a change in total cloud-fraction with 302 

the normalized distribution of COT and cloud-top phase held fixed. The non-proportionate change 303 

in cloud fraction, 𝛥𝐶%&'∗ , is the change in cloud fraction that remains after the proportionate change 304 

is removed: 305 

𝛥𝐶%&'∗ ≡ 𝛥𝐶%&' − 𝛥𝐶5%&' . 306 

This term represents changes in the distribution of COT and cloud-top phase with 𝐶&,&,% held fixed. 307 

Combining these definitions with Eq. (1), 𝜆!"# can be expressed as 308 

 𝜆!"# = 8
1

𝛥〈𝑇$〉
///𝐾%&'𝛥𝐶5%&'

(

')*

+

&)*

+

%)*

9
:;;;;;;;;<;;;;;;;;=

/!"#$%!"&$

+ 8
1

𝛥〈𝑇$〉
///𝐾%&'𝛥𝐶%&'∗

(

')*

+

&)*

+

%)*

9
:;;;;;;;;<;;;;;;;;=

/!'(

 (2) 

where 𝜆012&301"& is the feedback from changes in cloud amount and altitude and 𝜆0$4 is the 309 

feedback from changes in cloud scattering properties and emissivity. We refer to 𝜆0$4 as the “cloud 310 

scattering and emissivity feedback” because it represents changes in COT and cloud single-311 

scattering properties, although it is dominated by changes in COT. 312 
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 We next partition 𝜆0$4 into a component caused by changes in cloud-top phase and a 313 

component caused by changes in COT within each cloud-top-phase category. Let 𝑪@%' be the 314 

climatological cloud fraction summed over the COT dimension for a given CTP bin 𝑝 and cloud-315 

top phase category 𝑖: 316 

𝑪@%' =/𝐶̅%&'

+

&)*

. 317 

Similarly, let 𝛥𝑪%'∗  be the non-proportionate change in cloud fraction summed over the COT 318 

dimension: 319 

𝛥𝑪%'∗ =/𝛥𝐶%&'∗
+

&)*

. 320 

We define 𝛥𝐶%&'∗∗  by 321 

𝛥𝐶%&'∗∗ ≡ 𝛥𝐶%&'∗ − 𝛥𝑪%'∗
𝐶%̅&'
𝑪@%'

. 322 

By construction, the sum of 𝛥𝑪%'∗  over the cloud-top-phase categories is equal to zero for each 323 

CTP bin. Thus, the term 𝛥𝑪%'∗
5)̅$*
𝑪8)*

 represents shifts in cloud fraction between the phase categories 324 

holding fixed the overall cloud-fraction summed over all phase categories and the normalized COT 325 

distribution of each phase category. 𝛥𝐶%&'∗∗  is the change in cloud fraction that remains after the 326 

shifts in cloud fraction between phase categories are removed from the non-proportionate change 327 

in cloud fraction (𝛥𝐶%&'∗ ). 𝛥𝐶%&*∗∗  represents changes in the COT distribution of ice-topped clouds 328 

with the overall ice-topped cloud-fraction held fixed, 𝛥𝐶%&9∗∗  represents changes in the COT 329 

distribution of liquid-topped clouds with the overall liquid-topped cloud-fraction held fixed, and 330 

𝛥𝐶%&(∗∗  represents changes in the COT distribution of undetermined-phase clouds with the overall 331 

undetermined-phase cloud-fraction held fixed. By substituting this relationship for 𝛥𝐶%&'∗  in Eq. 332 

(2), 𝜆0$4 can be expressed as 333 
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𝜆0$4 = 8
1

𝛥〈𝑇$〉
///𝐾%&'

(

')*

𝛥𝑪%'∗
𝐶%̅&'
𝑪@%'

+

&)*

+

%)*

9
:;;;;;;;;;<;;;;;;;;;=

/$+$,)-"'(

+ 8
1

𝛥〈𝑇$〉
//𝐾%&*𝛥𝐶%&*∗∗

+

&)*

+

%)*

9
:;;;;;;;<;;;;;;;=

/!./0,*1(

+ 8
1

𝛥〈𝑇$〉
//𝐾%&9𝛥𝐶%&9∗∗

+

&)*

+

%)*

9
:;;;;;;;<;;;;;;;=

/!./0,&*2

+ 8
1

𝛥〈𝑇$〉
//𝐾%&(𝛥𝐶%&(∗∗

+

&)*

+

%)*

9
:;;;;;;;<;;;;;;;=

/!./0,345

. 

(3) 

𝜆&,&,%:1$4 represents the feedback from changes in cloud scattering and emissivity that is caused 334 

by changes in cloud-top phase. 𝜆05;<,'!4, 𝜆05;<,"'=, and 𝜆05;<,>?# represent feedbacks from 335 

changes in the COT of ice-topped clouds, liquid-topped clouds, and undetermined-phase clouds, 336 

respectively. 337 

In the derivation of 𝜆&,&,%:1$4, 𝜆05;<,'!4, 𝜆05;<,"'=, and 𝜆05;<,>?#, we have assumed that all 338 

cloud elements have an equal probability of undergoing a cloud-top-phase conversion within each 339 

CTP-phase-latitude-longitude-month combination. In other words, we ignore any possible 340 

relationship between the optical thickness of ice-topped clouds and their susceptibility to a cloud-341 

top-phase conversion. Liquid-topped clouds and undetermined-phase clouds are treated similarly. 342 

This assumption affects the partitioning of 𝜆0$4 into components, but it does not affect the overall 343 

value of 𝜆0$4. 344 

 The feedback component 𝜆&,&,%:1$4 occurs because cloud-phase conversions change COT 345 

and the single-scattering properties of cloud particles, including the single-scattering albedo 𝜔 and 346 

the asymmetry factor 𝑔 (Wall et al., 2022). 𝜔 represents the probability that a photon is scattered 347 

given that a single extinction event occurs, and 𝑔 embodies the typical scattering angles of cloud 348 

particles in single scattering events. We disentangle these factors by partitioning 𝜆&,&,%:1$4 into a 349 

component associated with changes in COT and a component associated with changes in 𝑔 and 𝜔. 350 

For a given CTP bin 𝑝, let 𝐾C&% be the cloud radiative kernel averaged across the cloud-top phase 351 

categories weighted by their average frequency of occurrence: 352 

𝐾C%& ≡
∑ 𝑪@%'𝐾%&'(
')*

∑ 𝑪@%'(
')*

. 353 
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The kernel can then be decomposed into two terms: 354 

𝐾%&' = 𝐾C%& + E𝐾%&' − 𝐾C%&F. 355 

The term 𝐾C%& quantifies the radiative impact of changes in the histogram-partitioned cloud-fraction 356 

with 𝑔 and 𝜔 fixed to the frequency-weighted average across the cloud-top-phase categories. The 357 

term (𝐾%&' − 𝐾C%&) quantifies the variation in the cloud radiative kernels across the cloud-top-phase 358 

categories due to differences in 𝑔 and 𝜔 with COT held fixed. Thus, 𝜆&,&,%:1$4 can be expressed 359 

as  360 

 

𝜆&,&,%:1$4 = 8
1

𝛥〈𝑇$〉
///𝐾C%&𝛥𝑪%'∗

𝐶̅%&'
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(

')*

+

&)*

+

%)*

9
:;;;;;;;;;<;;;;;;;;;=

/!./0,)-"'(
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1
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+
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+

%)*

9
:;;;;;;;;;;;;<;;;;;;;;;;;;=

/!6%!7,)-"'(

 

(4) 

where 𝜆05;<,%:1$4 and 𝜆0@30A,%:1$4 are the components of the feedback from cloud-top phase 361 

conversions that are caused by changes in COT and cloud single-scattering properties, 362 

respectively. 363 

 Combining Eq. (1-4) yields the final cloud-feedback decomposition: 364 

 
𝜆!"# = 𝜆012&301"& + 𝜆05;<,%:1$4 + 𝜆0@30A,%:1$4 + 𝜆05;<,'!4 + 𝜆05;<,"'=

+ 𝜆05;<,>?# . 
(5) 

𝜆!"# is partitioned entirely among the terms on the right side of Eq. (5) without a residual. 365 

Furthermore, the decomposition is performed separately for each combination of CTP, latitude, 366 

longitude, and calendar month, so it does not assume that any of the terms are restricted to a 367 

particular temperature range.  368 

This method quantifies the cloud scattering and emissivity feedback like other methods 369 

that are commonly applied to GCM output (Taylor et al., 2007; Zelinka et al., 2012b; Zelinka et 370 
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al., 2013). The main advantage of the new method is that it also decomposes the cloud scattering 371 

and emissivity feedback as a function of cloud-top phase and shifts between cloud-top phase 372 

categories. Similar methods have been developed to decompose cloud radiative effects by cloud-373 

top phase in satellite observations (Tan et al., 2019; Zhou et al., 2022; Wall et al., 2022). Our 374 

method applies this concept to cloud radiative feedbacks in GCM simulations. 375 

d. Comparison with other Feedback Analyses and the CMIP6 Ensemble 376 

 Our cloud-feedback analysis differs from previous analyses in several ways. The main 377 

differences include the input data, the mathematical framework of the feedback decomposition, 378 

and the GCMs that are analyzed. We examine these differences to frame the analysis in the context 379 

of the existing literature. 380 

First, our method is based on the established method of Z12, but we estimate 𝜆!"# with 381 

different input data. Z12 use ISCCP-simulator output, while we use MODIS-simulator output. 382 

ISCCP generally reports CTP at the infrared emission level located about one optical depth below 383 

the cloud top, while MODIS reports CTP at a higher altitude that is closer to the true cloud top 384 

(Pincus et al., 2012). The offset between the CTP reported by MODIS and the infrared emission 385 

level may cause a bias in the LW cloud feedback estimated with MODIS data. The ISCCP 386 

simulator also reports clouds of all optical thicknesses, while the MODIS simulator reports clouds 387 

with COT ≥ 0.3 (Pincus et al., 2012). The fact that the MODIS simulator excludes clouds with 388 

COT < 0.3 may bias the estimates of cloud feedbacks. However, the bias in global net cloud 389 

feedback is about 3% or less in our simulations, and it is negligible in most CMIP6 models (Table 390 

S3; Chao et al., 2024). Finally, the cloud radiative kernels of Z12 are computed with temperature 391 

and humidity profiles from a different set of GCMs. These differences could affect the estimates 392 

of 𝜆!"# in some situations. 393 

 We validate our method based on its ability to reproduce 𝜆!"# estimated with the Z12 394 

method. Five of the six GCMs reported ISCCP-simulator output, so we compare feedbacks from 395 

these five models (all but GFDL). The spatial patterns of feedbacks computed by the two methods 396 

have strong point-by-point correlations (Fig. 3). The squared coefficient of determination (𝑅9) is 397 

at least 0.97 for the SW cloud feedback and at least 0.84 for the LW cloud feedback in all of the 398 

GCMs. The global-mean cloud feedback across the five GCMs agrees to within 0.12 W m-2 K-1 399 

for SW radiation and 0.15 W m-2 K-1 for LW radiation. Feedback estimates from our method also 400 
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agree closely with feedback estimates from the approximate partial radiative perturbation method 401 

(Taylor et al., 2007) (Fig. S2). Thus, our method accurately reproduces the overall cloud feedback 402 

estimated by other established methods. 403 

 A second distinction of our method is that it decomposes the cloud feedback separately for 404 

each CTP bin. This differs from conventional cloud-feedback decompositions, which have much 405 

coarser CTP resolution or do not resolve feedbacks by CTP at all (Taylor et al., 2007; Zelinka et 406 

al., 2012b; Zelinka et al., 2013; Zelinka et al., 2016). The choice of decomposing feedbacks over 407 

broad or narrow CTP intervals does not affect the quantification of the overall cloud feedback, but 408 

it can affect the partitioning among feedback components in cases where clouds at different 409 

pressure levels respond differently to surface warming (Zelinka et al., 2016). Indeed, the overall 410 

cloud feedback computed with our method agrees very well with the overall cloud feedback 411 

computed with the method of Zelinka et al. (2016), but the two methods partition the feedback 412 

slightly differently into amount, altitude, and COT components (Appendix B). 413 

Despite this difference, we chose to partition feedbacks separately for each CTP bin 414 

because this ensures that the estimated cloud-phase feedback represents phase conversions 415 

between clouds at the same pressure level. An alternative choice could be to combine all clouds 416 

across a broad CTP range that spans the upper and lower troposphere and then apply the feedback 417 

decomposition of Eq. (1-5) on the aggregated data. However, if one were to follow this procedure 418 

in a case where ice-topped clouds change in the upper troposphere and liquid-topped clouds change 419 

in the lower troposphere, then these cloud changes could contribute to the estimated COT feedback 420 

from cloud-phase conversions (𝜆&,&,%:1$4), even though they occur at different pressure levels and 421 

do not represent one phase replacing the other. We chose to decompose feedbacks separately for 422 

each CTP bin to avoid this limitation and quantify the cloud-phase feedback as accurately as 423 

possible. Different choices could be justified for quantifying other feedback components 424 

(Appendix C). 425 

 Finally, we analyze output from six GCMs, so the feedbacks may differ from those in more 426 

diverse model ensembles. However, our ensemble includes model variants from three of the 12 427 

model families in CMIP6 that have been identified based on source-code development (Kuma et 428 

al., 2023). GFDL belongs to one family; MIROC6 and MIROC6-PP belong to a second family; 429 

and CESM2, NorESM2, and E3SMv2 belong to a third family. Furthermore, the diversity of our 430 

ensemble can be examined based on the range of global net cloud feedback and the estimated 431 
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equilibrium climate sensitivity (ECS), which represents the long-term global surface-air-432 

temperature change following a sustained doubling of atmospheric CO2 concentration relative to 433 

the preindustrial era. These quantities are obtained from published estimates from fully coupled 434 

versions of the models or their closest predecessor in CMIP6 (Zelinka et al., 2020; Golaz et al., 435 

2022; Qin et al., 2024). Estimates from fully coupled simulations were not available for MIROC6-436 

PP, so estimates from simulations with prescribed sea surface temperature are used instead (Hirota 437 

et al., 2022). The ECS for the model variants related to our ensemble ranges from 2.49 to 5.15 K, 438 

and the global net cloud feedback ranges from 0.12 to 0.96 W m-2 K-1. These ranges span most of 439 

the full ensemble of 53 fully coupled CMIP6 models estimated by Zelinka et al. (2020) (Fig. 4). 440 

The six-member ensemble is thus a representative subset of CMIP6-era atmospheric models. The 441 

ensemble may not be representative of the Coupled Model Intercomparison Project Phase 5, 442 

however, because those models generally simulate a different phase partitioning in mixed-phase 443 

clouds (Zelinka et al., 2020). 444 

 445 

 446 
Figure 3. Point-by-point comparison of the overall cloud feedback (𝜆!"#) computed with the method of this 447 
study and the method of Zelinka et al. (2012a) (Z12). (a-e) Joint histogram of SW cloud feedback from the two 448 
methods in E3SMv2, NorESM2, MIROC6, MIROC6-PP, and CESM2, respectively. Blue shading shows the 449 
number of latitude-longitude grid-points in the histogram bins on a logarithmic color scale, and the diagonal 450 
shows the one-to-one line. The bottom right corner of each panel lists the global-mean feedback (⟨𝜆!"#⟩) in units 451 
of W m-2 K-1 and the squared coefficient of determination for the ordinary least-squares linear-regression fit 452 
(𝑅$). (f-j) Similar to (a-e) but for the LW cloud feedback. The GFDL model is not shown because the necessary 453 
output to compute feedbacks with the Z12 method is not available. 454 
 455 
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 456 

Figure 4. Published estimates of equilibrium climate sensitivity (ECS) and global net cloud feedback (𝜆!"#) for 457 
variants of the GCMs analyzed in this study and CMIP6. Black markers show variants of the GCMs analyzed in 458 
this study, thin horizontal lines show CMIP6 models, and bars show the multi-model mean. The models labeled 459 
CESM2, GFDL-CM4, MIROC6, and NorESM2-MM are CMIP6 versions of the GCMs analyzed in this study. 460 
The models E3SMv2 and MIROC6-PP are not in the CMIP6 ensemble. All of the estimates come from fully 461 
coupled model configurations except for MIROC6-PP, which was run with prescribed sea surface temperature. 462 
Estimates for E3SMv2 are from Golaz et al. (2022) and Qin et al. (2024), estimates for MIROC6-PP are from 463 
Hirota et al. (2022), and estimates for the remaining models are from Zelinka et al. (2020).  464 
 465 

3. Results 466 

a. Decomposing Feedbacks by Cloud-Top Phase 467 

 We next examine the cloud-feedback decomposition across the GCM ensemble. Global-468 

mean feedbacks are reported as [𝜆] ± 𝜎/, where [𝜆] is the multi-model mean of the global feedback 469 

and 𝜎/ is the standard deviation of the global feedback across the model ensemble. The total global-470 

mean SW cloud feedback is 0.42 ± 0.47 W m-2 K-1. This feedback arises from a combination of a 471 

negative SW feedback in the polar regions, a positive SW feedback over the midlatitude oceans, 472 

and spatially varying positive and negative feedbacks in the tropics (Fig. 5a). The overall SW 473 

feedback includes a component from changes in cloud amount and altitude of 0.38 ± 0.42 W m-2 474 

K-1 and a component from changes in cloud scattering properties and emissivity of 0.03 ± 0.13 W 475 

m-2 K-1. The SW cloud amount and altitude component explains much of the spatial pattern and 476 

global mean of the SW cloud feedback, but the cloud scattering and emissivity component is 477 
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substantial in the polar regions and deep tropics (Fig. 5b-c). The LW cloud-feedback components 478 

are generally smaller and vary less across models than their SW counterparts (Fig. 5d-f). Thus, the 479 

cloud amount and altitude component of the feedback dominates the net cloud feedback at the 480 

global scale. This component is also dominant in the feedback decomposition of Zelinka et al. 481 

(2016) (Fig. B1). 482 

The SW cloud amount and altitude feedback over the midlatitude oceans makes a 483 

particularly large contribution to the global cloud feedback in the multi-model mean (Fig. 5b). 484 

This is consistent with the simulations of the GFDL-CM3 GCM of Paynter et al. (2018), from 485 

which the surface boundary conditions of our simulations are obtained. They noted that CO2 486 

forcing caused long-term changes of the atmosphere and surface that weakened the boundary layer 487 

inversion strength over midlatitude oceans. This, in turn, reduced the low-level cloud amount and 488 

caused a major positive SW cloud feedback. Zhao (2022) also found that the atmospheric 489 

component of GFDL-CM3 simulates a reduction in low-level cloud amount over midlatitude 490 

oceans when forced by a variety of prescribed surface warming patterns. The fact that our 491 

simulations exhibit a positive SW cloud feedback over midlatitude oceans without a compensating 492 

LW feedback suggests that reduced low-level cloud amount in the midlatitudes causes a major 493 

global feedback in our simulations as well.  494 

 Although the cloud scattering and emissivity feedback is a small component of the overall 495 

global cloud feedback, previous work suggests that it may involve multiple compensating 496 

mechanisms that are individually substantial (Terai et al., 2019). We examine this possibility by 497 

decomposing the cloud scattering and emissivity feedback by cloud-top phase. Changes in cloud 498 

scattering and emissivity cause a negative SW feedback over polar regions and land areas of the 499 

middle and high latitudes, a positive SW feedback over midlatitude oceans, and dipole patterns of 500 

feedbacks near the equator (Fig. 6a). This can mostly be explained by four terms in the feedback 501 

decomposition. First, changes in cloud-top phase cause clouds to optically thicken, producing a 502 

global SW feedback of −0.15 ± 0.08 W m-2 K-1. This negative feedback is present in nearly all 503 

areas of the globe, and it is strongest in the extratropical storm tracks and tropical warm pools (Fig. 504 

6b). Second, changes in cloud-top phase modify the cloud single-scattering properties (𝑔 and 𝜔), 505 

producing a global SW feedback of 0.03 ± 0.01 W m-2 K-1 (Fig. 6c). This component represents 506 

the fact that ice particles typically backscatter more SW radiation than liquid droplets in single-507 
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particle scattering events, so converting ice to liquid enhances forward scattering. This reduces the 508 

cloud albedo if the COT is fixed, causing a positive SW feedback (Wall et al., 2022). Third, 509 

changes in the optical thickness of ice-topped clouds contribute a positive global SW feedback of 510 

0.17 ± 0.14 W m-2 K-1. This feedback is positive over most of the globe, indicating that ice-topped 511 

clouds become optically thinner (Fig. 6d). One exception is the dipole patterns along the equator, 512 

which may result from spatial shifts or contraction of the Intertropical Convergence Zone. Fourth, 513 

changes in the optical thickness of liquid-topped clouds contribute a global SW feedback of 514 

−0.02 ± 0.04 W m-2 K-1. This term dominates the SW cloud scattering and emissivity feedback 515 

in polar regions but is less important across the non-polar regions in the multi-model mean (Fig. 516 

6e). SW feedbacks from changes in COT of undetermined-phase clouds are relatively small (Fig. 517 

6f). The total LW cloud scattering and emissivity feedback is smaller than its SW counterpart and 518 

is dominated by changes in the optical thickness of ice-topped clouds (Fig. 7). 519 

 The spatial patterns of the feedback components suggest that different feedback 520 

mechanisms may be active at different locations and pressure levels in the atmosphere. To explore 521 

this possibility, we compute zonal-mean feedbacks averaged over 10° latitude bands and plot the 522 

results as a function of latitude and CTP. Indeed, distinct cloud feedbacks occur in the mixed-523 

phase temperature range of -40 to 0 °C (Fig. 8a). These feedbacks are mostly caused by cloud 524 

optical thickening from cloud-top phase conversions (Fig. 8b). Changes in cloud single-scattering 525 

properties (𝑔 and 𝜔) from phase conversions contribute a relatively small positive feedback as 526 

well (Fig. 8c). Finally, liquid-topped clouds with CTP between the surface and 560 hPa become 527 

optically thicker in the polar regions, causing a robust negative SW feedback (Fig. 8e). This could 528 

be a consequence of cloud-phase conversions in the interior of liquid-topped mixed-phase clouds, 529 

enhanced condensation in the updrafts of supercooled liquid clouds due to changes in the moist 530 

adiabatic lapse rate, or enhanced moisture flux convergence in extratropical cyclones (Betts and 531 

Harshvardhan, 1987; Terai et al., 2019; McCoy et al., 2020; Frazer and Ming, 2022; McCoy et al., 532 

2023). These feedback components combine to produce a negative SW cloud scattering and 533 

emissivity feedback throughout most of the mixed-phase temperature range. The SW feedbacks 534 

are partially compensated by their LW counterparts (Fig. 9). 535 

The feedback decomposition stratified by latitude and CTP also reveals a substantial 536 

positive SW feedback and a smaller negative LW feedback from optical thinning of ice-topped 537 
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clouds in the tropical upper troposphere (Fig. 8d, 9d). One possible explanation is that surface 538 

warming weakens the tropical overturning circulation, reducing the amount of optically thick ice 539 

clouds detrained from deep convection (Jeevanjee, 2022). At the same time, the weaker 540 

overturning circulation could cause smaller changes in the amount of optically thin ice clouds that 541 

are not directly formed by convection. The combination of these changes would cause optically 542 

thick ice clouds to disproportionately shrink in amount, thereby causing the overall ice-cloud 543 

population to become optically thinner (Sokol et al., 2024). This possible explanation is examined 544 

in Appendix C. Indeed, five out of the six GCMs simulate a reduced ice-cloud fraction in the 545 

tropical upper troposphere in response to surface warming, and the reduction is disproportionately 546 

large for clouds that are not optically thin (COT ≥ 3.6) (Fig. C1a). The proportion of ice-topped 547 

clouds that are optically thin (0.3 ≤ COT < 3.6) also increases in response to surface warming in 548 

all six GCMs (Fig. C1b). The fact that these changes are consistent across models and consistent 549 

with an expected weakening of the tropical overturning circulation suggests that an optical thinning 550 

of tropical ice clouds may be a robust feedback mechanism. However, sensitivity tests indicate 551 

that our method probably exaggerates the magnitude of the ice-cloud COT feedback due to 552 

confounding factors from vertical shifts in ice clouds (Fig. C2). The ice-cloud COT feedback 553 

estimated here should thus be interpreted with caution. 554 

 The feedback components can be vertically integrated and globally averaged to determine 555 

their relative importance at the global scale. Two groups of feedback components emerge in which 556 

all models agree on the sign (Fig. 10). The first group involves changes in cloud-top phase. This 557 

group includes a negative SW feedback from changes in COT (−0.15 ± 0.08 W m-2 K-1), a 558 

positive LW feedback from changes in COT (0.04 ± 0.02 W m-2 K-1), and a positive SW feedback 559 

from changes in cloud single-scattering properties (0.03 ± 0.01 W m-2 K-1). Previous studies have 560 

focused on the SW COT component of this feedback, while the LW COT and SW single-scattering 561 

components have been given less attention. Although the SW COT feedback is the largest of these 562 

terms, the other two terms collectively offset about half of the SW COT feedback, so they make a 563 

non-negligible contribution to the cloud-phase feedback. The second group of feedback 564 

components involves optical thinning of ice-topped clouds. This causes a positive SW feedback of 565 

0.17 ± 0.14 W m-2 K-1 and a negative LW feedback of −0.06 ± 0.05 W m-2 K-1. The feedback 566 
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components of these two groups offset one another, causing the net cloud scattering and emissivity 567 

feedback to take on a relatively small value of 0.02 ± 0.09 W m-2 K-1 (Fig. 10). 568 

 569 

 570 

Figure 5. Components of the overall cloud feedback, including (a) the total SW cloud feedback (𝜆!"#), (b) the 571 
SW feedback from changes in cloud amount and cloud altitude (𝜆%&'()%&"(), and (c) the SW feedback from 572 
changes in cloud scattering properties and emissivity (𝜆%*+). Contours show the multi-model mean feedback, 573 
and dots show locations where all models agree on the feedback sign. The global-mean feedback is printed above 574 
each map in units of W m-2 K-1 . The printed value is the multi-model mean plus or minus the ensemble standard 575 
deviation. (d-f) Similar to (a-c) but for LW feedbacks. Contour values are spaced nonuniformly to show 576 
components that have relatively small magnitudes. A similar figure with uniform contour spacing is shown in 577 
Fig. S3. 578 
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 580 

Figure 6. Components of the SW cloud scattering and emissivity feedback, including (a) the total cloud 581 
scattering and emissivity feedback (𝜆%*+), (b) the COT feedback from cloud-top phase changes (𝜆%,-.,01&*+), 582 
(c) the cloud single-scattering properties feedback from cloud-top phase changes (𝜆%2)%3,01&*+), (d) the COT 583 

feedback of ice-topped clouds (𝜆%,-.,4!+), (e) the COT feedback of liquid-topped clouds (𝜆%,-.,"45), and (f) the 584 
COT feedback of undetermined-phase clouds (𝜆%,-.,67#). The global-mean feedback is printed above each map 585 
in units of W m-2 K-1 . The printed value is the multi-model mean plus or minus the ensemble standard deviation. 586 
Contour values are spaced nonuniformly to show components that have relatively small magnitudes. A similar 587 
figure with uniform contour spacing is shown in Fig. S4.  588 
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 589 

Figure 7. Similar to Fig. 6, but for the LW cloud scattering and emissivity feedback. Contour values are spaced 590 
nonuniformly to show components that have relatively small magnitudes. A similar figure with uniform contour 591 
spacing is shown in Fig. S5. 592 
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(b) ΔCOT from Phase Change

0.04 ± 0.02 

(a) Total

-0.02 ± 0.04

(d) ΔCOT of Ice-Topped Clouds

-0.06 ± 0.05

(e) ΔCOT of Liquid-Topped Clouds

0.01 ± 0.01

(f) ΔCOT of Undetermined-Phase Clouds

0.01 ± 0.01 

Components of LW Cloud Scattering and Emissivity Feedback

(c) Δ  & Δ  from Phase Change
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Figure 8. Components of the SW cloud scattering and emissivity feedback averaged zonally and plotted as a 595 
function of latitude and CTP. The components include (a) the total cloud scattering and emissivity feedback 596 
(𝜆%*+), (b) the COT feedback from cloud-top phase changes (𝜆%,-.,01&*+), (c) the cloud single-scattering 597 
properties feedback from cloud-top phase changes (𝜆%2)%3,01&*+), (d) the COT feedback of ice-topped clouds 598 
(𝜆%,-.,4!+), (e) the COT feedback of liquid-topped clouds (𝜆%,-.,"45), and (f) the COT feedback of undetermined-599 
phase clouds (𝜆%,-.,67#). Colors show the multi-model mean feedback, and dots show locations where all 600 
models agree on the feedback sign and the multi-model mean has a magnitude larger than 0.025 W m-2 K-1 (non-601 
white colors on the color scale). The lower dashed gray line shows the 0 °C isotherm from the temperature profile 602 
of the CTL simulation averaged over longitude, the annual cycle, and the six GCMs. The upper dashed gray line 603 
is similar but shows the -40 °C isotherm from the WARM simulation. Feedbacks from cloud-top phase 604 
conversions are expected to be strongest between the two isotherms because points located outside of this region 605 
are either warmer than 0 °C or colder than -40 °C in both simulations. Latitude axes are presented in equal-area 606 
increments. 607 

 608 

 609 

Figure 9. Similar to Fig. 8, but for the LW cloud scattering and emissivity feedback. 610 

 611 
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 612 

Figure 10. Global mean of the components of the cloud scattering and emissivity feedback. Markers show 613 
individual models, and bars show the multi-model mean. 614 

 615 

b. Relative Importance of the Cloud Scattering and Emissivity Feedback caused by Phase Changes 616 

 We now return to the main motivating question: Do cloud-phase changes cause a powerful 617 

negative COT feedback at the global scale? The global mean of the overall net cloud feedback 618 

ranges from 0.02 to 0.91 W m-2 K-1 and has a multi-model mean of 0.52 W m-2 K-1 (Fig. 11). The 619 

goal is to determine how much of this feedback can be explained by changes in cloud scattering 620 

and emissivity that arise from changes in cloud phase. 621 

 For an initial estimate, we assume that the scattering and emissivity feedback from cloud-622 

phase changes can be approximated by the feedback from changes in cloud-top phase (𝜆&,&,%:1$4). 623 

In other words, we neglect cases in which the phase changes in the interior of the cloud, but it 624 

remains unchanged at cloud top. Outside of the polar regions, these cases are expected to occur in 625 

deep and optically thick clouds that are not susceptible to substantial increases in albedo (Bodas-626 

Salcedo et al., 2016; Bodas-Salcedo, 2018). Thus, it is justified to neglect the feedback from phase 627 

changes that occur exclusively in the cloud interior when estimating the global cloud scattering 628 

and emissivity feedback from cloud-phase changes. The estimated net scattering and emissivity 629 

feedback from cloud-phase changes ranges from -0.16 to -0.01 W m-2 K-1 and has a multi-model 630 

mean of -0.08 W m-2 K-1 (Fig. 11). The multi-model mean of this feedback component is 631 

approximately 15% of the magnitude of the multi-model mean of the overall cloud feedback (-632 

0.08 W m-2 K-1 vs. 0.52 W m-2 K-1). The inter-model range of the cloud scattering and emissivity 633 
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feedback from cloud-top phase changes is also approximately six times smaller than the inter-634 

model range of the overall cloud feedback, so cloud-top phase conversions do not explain much 635 

of the spread in feedbacks among models. 636 

 The estimated cloud scattering and emissivity feedback from phase conversions can be 637 

refined by adding a term that represents phase changes that occur exclusively in the cloud interior. 638 

As noted before, supercooled liquid-topped clouds become optically thicker in the polar regions 639 

in response to surface warming (Fig. 8e). We assume that this feedback is caused entirely by phase 640 

changes that occur in the interior of liquid-topped mixed-phase clouds. Other mechanisms may 641 

contribute to the negative COT feedback in polar liquid-topped clouds by enhancing condensation, 642 

so this calculation is best interpreted as an upper bound for the magnitude of the cloud scattering 643 

and emissivity feedback from cloud-phase conversions (Betts and Harshvardhan, 1987; Terai et 644 

al., 2019; McCoy et al., 2020; Frazer and Ming, 2022; McCoy et al., 2023). The COT feedback of 645 

supercooled liquid-topped clouds, 𝜆05;<,$!	"'=, is estimated by integrating the COT feedback of 646 

liquid-topped clouds over the CTP bins in which the midpoint temperature is colder than 0 °C in 647 

the average annual cycle from the CTL simulations. Furthermore, we assume that the COT 648 

feedback of undetermined-phase clouds, 𝜆05;<,>?#, is caused by changes in cloud-top phase that 649 

are not large enough to shift the phase category to liquid. 𝜆05;<,$!	"'= and 𝜆05;<,>?# are added to 650 

the feedback from cloud-top phase conversions to obtain a refined estimate of the scattering and 651 

emissivity feedback from cloud-phase changes, 𝜆5&,&,%:1$4: 652 

𝜆5&,&,%:1$4 = 𝜆&,&,%:1$4 + 𝜆05;<,$!	"'= + 𝜆05;<,>?# . 653 

𝜆5&,&,%:1$4 ranges from -0.17 to -0.02 W m-2 K-1 and has a multi-model mean of -0.10 W m-2 K-1 654 

(Fig. 11). The multi-model mean of 𝜆5&,&,%:1$4 is approximately 19% of the magnitude of the multi-655 

model mean of the overall cloud feedback (-0.10 W m-2 K-1 vs. 0.52 W m-2 K-1). Thus, the initial 656 

and refined estimates both indicate that changes in cloud scattering and emissivity from cloud-657 

phase conversions make a modest contribution to the overall cloud feedback at the global scale. 658 
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 659 

Figure 11. Comparison of the overall cloud feedback and the cloud scattering and emissivity feedback from 660 
cloud-phase changes. 𝜆!"# is the overall cloud feedback. 𝜆(8(,01&*+ is the scattering and emissivity feedback from 661 

changes in cloud-top phase. 𝜆%(8(,01&*+ is similar to 𝜆(8(,01&*+ except that it includes an additional term that 662 
represents phase changes that occur exclusively in the cloud interior. Markers show individual models, and bars 663 
show the multi-model mean. All values represent the global-mean net radiative feedback. 664 
 665 

4. Discussion 666 

Our findings contribute to a body of literature about the COT feedback from cloud-phase 667 

changes simulated by GCMs. Some studies have argued that this is a powerful feedback 668 

mechanism that may control the sign of the overall cloud feedback simulated by some GCMs, 669 

while others have argued that it is less important (Li and Le Treut, 1991; Storelvmo et al., 2015; 670 

Lohmann and Neubauer, 2018; Bodas-Salcedo, 2018). Perhaps the most compelling evidence for 671 

a strong cloud-phase feedback comes from GCM experiments in which model parameters are 672 

perturbed to vary the cloud-phase partitioning in the mean climate state (Choi et al., 2014; McCoy 673 

et al., 2016; Tan et al., 2016; Frey and Kay, 2018; Hofer et al., 2024). A suite of experiments is 674 

performed with different phase partitioning, and variations in the overall cloud feedback across 675 

the experiments are interpreted as evidence for the strength of the cloud-phase feedback. Although 676 

this approach has provided some of the most direct evidence of the cloud-phase feedback, it has 677 

two important limitations. First, the act of changing model parameters may change other cloud-678 

feedback mechanisms in addition to the cloud-phase feedback, but it has not been possible to 679 

identify and remove these potential confounding factors. Second, GCMs from different model 680 
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families typically represent cloud physics with structurally different parameterizations, so results 681 

from perturbed-parameter experiments are specific to individual GCMs. For these reasons, 682 

perturbed-parameter studies do not rule out the possibility that the cloud-phase feedback is 683 

relatively weak. The method developed here overcomes these limitations by quantifying the cloud 684 

scattering and emissivity feedback from phase changes in a diverse ensemble of GCMs while 685 

avoiding confounding factors. Our results indicate that changes in cloud scattering and emissivity 686 

from phase conversions cause a global net radiative feedback between -0.17 and -0.01 W m-2 K-1 687 

(Fig. 11). Considering all of the evidence, we believe that changes in cloud scattering and 688 

emissivity from phase conversions make a modest contribution to overall cloud feedback at the 689 

global scale. 690 

Although it is not a focus of this study, another notable finding is the existence of a positive 691 

feedback from optical thinning of ice-topped clouds in the tropical upper troposphere (Fig. 8d). 692 

One possible explanation is that surface warming weakens the tropical overturning circulation and 693 

disproportionately reduces the amount of optically thick ice clouds (Jeevanjee, 2022; Sokol et al., 694 

2024). Indeed, five out of the six GCMs predict that ice-topped clouds in the tropical upper 695 

troposphere will shrink in amount in response to surface warming, and all models predict that the 696 

proportion of ice-topped clouds that are optically thin will increase (Fig. C1). These results suggest 697 

that weakening of the tropical overturning circulation may contribute to the optical thinning of ice-698 

topped clouds simulated by the GCMs. However, our method probably exaggerates the magnitude 699 

of the ice-cloud COT feedback due to confounding factors from vertical shifts in clouds (Appendix 700 

C). The ice-cloud COT feedback estimated here should thus be interpreted with caution. More 701 

work is needed to understand and quantify this feedback given its importance for climate 702 

sensitivity (Sherwood et al., 2020; Raghuraman et al., 2024; Dawson and Schiro, 2024). 703 

Finally, the methods and model diagnostics developed here may have applications beyond 704 

studying the cloud-phase feedback. Ice, liquid, and mixed-phase clouds exhibit different radiative 705 

feedback and adjustment mechanisms in response to external perturbations, so cloud-top phase is 706 

a natural partitioning metric to gain insight into the importance of different mechanisms (Duran et 707 

al., 2024). Code to compute the MODIS histograms in GCM simulations is now included in the 708 

COSPv2.0 open-source software package, and the cloud radiative kernels are publicly available 709 

online (CFMIP, 2024; Wall, 2024a). Equivalent histograms from real satellite observations are 710 
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also included in the MODIS MCD06COSP dataset (Pincus et al., 2023). These resources could 711 

facilitate new opportunities for quantifying cloud feedbacks and adjustments, evaluating models, 712 

and relating observable quantities to feedbacks simulated by GCMs. 713 

5. Conclusion 714 

 Radiative feedbacks from changes in COT are considered to be a major source of inter-715 

model spread in GCM projections of anthropogenic climate change (Zelinka et al., 2020). Thus, a 716 

key goal is to understand the relative importance of the underlying mechanisms. One leading 717 

hypothesis is that cloud-phase changes cause clouds to optically thicken, producing a major 718 

negative feedback (Storelvmo et al., 2015). However, there has not been a framework to rigorously 719 

quantify this feedback, so its importance relative to other mechanisms has been unclear (cf. Tan et 720 

al., 2016; Lohmann and Neubauer, 2018). 721 

 We address this challenge by developing a method to quantify the feedback from changes 722 

in cloud scattering properties and emissivity that arise from changes in cloud-top phase. This 723 

feedback component is dominated by changes in COT, but it also includes a smaller term from 724 

changes in cloud single-scattering properties (𝑔 and 𝜔). The method is applied to six CMIP6-era 725 

GCMs run with prescribed sea-surface temperature to investigate the contribution of cloud-phase 726 

changes to the overall cloud feedback. The global mean of the net cloud scattering and emissivity 727 

feedback from cloud-phase changes ranges from -0.17 to -0.01 W m-2 K-1, while the overall net 728 

cloud feedback ranges from 0.02 to 0.91 W m-2 K-1 (Fig. 11). The multi-model mean of the cloud 729 

scattering and emissivity feedback from cloud-phase changes is approximately 19% of the 730 

magnitude of the multi-model mean of the overall cloud feedback. Thus, changes in cloud 731 

scattering properties and emissivity from phase conversions cause a robust negative feedback that 732 

makes a modest contribution to the overall cloud feedback at the global scale. 733 

 Although our findings clarify how phase conversions change cloud scattering and 734 

emissivity, they do not quantify the extent to which phase conversions change cloud amount. Phase 735 

conversions that replace ice-containing clouds with pure-liquid clouds are expected to reduce the 736 

precipitation efficiency (Lutsko and Cronin, 2018). This, in turn, may extend cloud lifetimes and 737 

increase the cloud amount (Mülmenstädt et al., 2021). Quantifying this feedback component is an 738 

important next step for understanding the role of cloud-phase conversions in global climate 739 

change. 740 

 741 
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APPENDIX 775 

Appendix A: Validation of the Cloud Radiative Kernel Method against GCM Radiative 776 

Transfer Schemes 777 

CRE is defined as the clear-sky upward radiative flux at the top of the atmosphere, 𝑅CDE, minus 778 

the all-sky upward radiative flux at the top of the atmosphere, 𝑅FDD. The all-sky flux can be 779 

expressed as 780 

𝑅FDD =
1

100%
[𝑅CDG𝐶HIH + 𝑅CDE(100% − 𝐶HIH)] 781 

where 𝑅CDG is the upward radiative flux at the top of the atmosphere averaged over the cloud-782 

covered portion of the domain. Substituting this relation into the definition of CRE and 783 

differentiating yields 784 

 𝐶𝑅𝐸′ ≈
1

100% [𝐶&,&′ (𝑅Y!"J − 𝑅Y!"#) − 𝐶&̅,&𝑅!"#K ] +
1

100% 𝐶̅&,&𝑅!"JK  (A1) 

where primes denote anomalies relative to the climatological annual cycle. The first term on the 785 

right side represents the component of the anomalous CRE that is attributable to cloud anomalies 786 

with non-cloud factors fixed. This term can be predicted by the cloud-radiative-kernel method. 787 

The second term on the right side represents the component of the anomalous CRE that is 788 

attributable to clear-sky radiative flux anomalies with clouds fixed.  789 

We validate the kernel method based on its ability to predict monthly CRE anomalies that 790 

arise from natural variability in the CTL simulations. For each latitude-longitude grid-box, the 791 

average annual cycle is removed from all variables, and the anomalous CRE predicted by the 792 

kernel method, CRELMENMDK , is computed as  793 

CRELMENMDK =///𝐶%&'K 𝐾%&'

(

')*

+

&)*

+

%)*

+
1

100%𝐶H̅IH𝑅CDEK . 794 

CRELMENMDK  is compared with the corresponding CRE anomalies from the GCM output, CREOPQK . 795 

The comparison is restricted to the ice-free global ocean to minimize the magnitude of the 796 

anomalous clear-sky radiative flux term on the right side of Eq. (A1). For each model, we combine 797 

the data from all latitude-longitude-month grid-boxes and relate CRELMENMDK  to CREOPQK  using 798 

ordinary least-squares linear regression (Fig. A1). The squared coefficient of determination is at 799 
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least 0.95 for SW CRE and at least 0.87 for LW CRE for the six GCMs, indicating a strong linear 800 

relationship. Thus, bias in CRE predicted by the kernel method can be estimated as 801 

(𝑚 − 1) × 100%, where 𝑚 is the linear regression slope. The biases in SW CRE, LW CRE, and 802 

net CRE averaged across the six CGMs are +14%, -8%, and +5%, respectively. The biases range 803 

from +10% to +20% for SW CRE, -18% to -1% for LW CRE, and -1% to +17% for net CRE (Fig. 804 

A1). These values are comparable to biases estimated in previous cloud-radiative-kernel analyses 805 

(Zhou et al., 2013; Ceppi and Gregory, 2017; Wall et al., 2022). Thus, the kernel method is 806 

consistent with the radiative transfer models in the GCMs to within a typical degree of accuracy. 807 

 808 

 809 

Figure A1. Validation of the cloud radiative kernel method based on its ability to predict CRE anomalies from 810 
natural variability in the CTL simulations. (a-f) Validation of SW CRE for GFDL, E3SMv2, NorESM2, 811 
MIROC6, MIROC6-PP, and CESM2, respectively. The anomalous CRE predicted by the kernel method 812 
(CRE′kernel) is plotted as a function of the anomalous CRE from the GCM output (CRE′GCM). Joint histograms 813 
are compiled from all latitude-longitude-month grid-boxes over the ice-free global ocean. Blue shading shows 814 
counts per simulation year with a logarithmic color scale, and the black line shows the least-squares ordinary 815 
linear regression fit. The regression slope (𝑚) and squared coefficient of determination (𝑅$) are printed on each 816 
panel. (g-l) Similar to (a-f), but for LW CRE.  817 
 818 

Appendix B: Comparison with other Cloud-Feedback Decompositions 819 

Our method decomposes the cloud feedback into the six terms in Eq. (5) at each CTP bin. 820 

This differs from conventional cloud-feedback decompositions, which have much coarser CTP 821 

resolution or do not resolve feedback components by CTP at all (Taylor et al., 2007; Zelinka et al., 822 

2012b; Zelinka et al., 2013). For example, Zelinka et al. (2016; hereafter Z16) decomposed 823 
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feedbacks for low clouds and non-low clouds, defined by CTP ³ 680 hPa and CTP < 680 hPa, 824 

respectively. They partitioned the cloud feedback in each of these CTP intervals into components 825 

from changes in cloud amount, cloud altitude, and COT. We quantify the impact of the different 826 

CTP resolution by comparing our feedback decomposition with that of Z16. For the Z16-based 827 

estimates, a radiative kernel is computed following their method, and feedbacks are diagnosed 828 

using a MODIS CTP-COT joint histogram for clouds of all phases. This ensures that differences 829 

in the estimated feedback components are caused by differences in the mathematical framework 830 

rather than differences in the input data (Section 2d). Low- and non-low-cloud feedbacks are 831 

calculated with the method of Z16, and the corresponding feedbacks are calculated with our 832 

method by vertically integrating the terms in Eq.  (5) over the pressure intervals given by CTP ³ 833 

680 hPa and CTP < 680 hPa. Finally, the cloud amount and altitude feedbacks from the Z16 834 

decomposition are combined because our method cannot separate these terms (Section 2c). The 835 

feedback estimates for low- and non-low clouds from the two methods are then directly 836 

comparable to one another. 837 

The global-mean net radiative feedback for non-low clouds agrees very well between the 838 

two methods, but the partitioning into components differs slightly (Fig. B1a-c). The Z16 method 839 

estimates a more-positive feedback from changes in cloud amount and altitude, and it estimates a 840 

less-positive or more-negative feedback from changes in COT. These differences are 841 

approximately +0.09 W m-2 K-1 and -0.07 W m-2 K-1 averaged across the six GCMs, respectively 842 

(Z16 method minus our method). Furthermore, the two methods partition low-cloud feedbacks 843 

very similarly because these clouds occupy only two CTP bins of the MODIS histogram (Fig. B1d-844 

f). Thus, our feedback decomposition agrees reasonably well with the conventional decomposition 845 

of Z16, albeit with some differences for non-low clouds. A thorough discussion of how the cloud-846 

feedback decomposition depends on the CTP intervals chosen in the analysis can be found in Z16. 847 
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 848 
Figure B1. Comparison of the feedback decomposition methods of this study and Zelinka et al. (2016) (Z16). 849 
(a) Scatterplot of total feedback from non-low clouds computed with the two methods. Points show global-mean 850 
net radiative feedbacks from the six GCMs, and the diagonal shows the one-to-one line. (b-c) Similar to (a), but 851 
showing the feedback component from changes in the amount and altitude of non-low clouds and the feedback 852 
component from changes in the COT of non-low clouds, respectively. (d-f) Similar to (a-c), but for low clouds. 853 
Non-low clouds and low clouds are defined by CTP < 680 hPa and CTP ³ 680 hPa, respectively. 854 

 855 

Appendix C: The COT Feedback of Tropical Ice-Topped Clouds 856 

A notable result of our analysis is a positive feedback from optical thinning of ice-topped 857 

clouds in the tropical upper troposphere (Fig. 8d). One possible explanation for this feedback is 858 

that surface warming weakens the tropical overturning circulation (Jeevanjee, 2022). This is 859 

expected to disproportionately reduce the amount of optically thick and intermediate ice clouds 860 

detrained from deep convection, thereby causing the overall ice-cloud population to become 861 

optically thinner (Sokol et al., 2024). Indeed, the simulated changes in tropical ice-topped clouds 862 

are  qualitatively consistent with this mechanism (Fig. C1). 863 

Another possible contributing factor to the estimated ice-cloud COT feedback is associated 864 

with rising cloud tops. As the surface warms, the highest ice-topped clouds shift upward, 865 
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potentially changing the COT distribution at different pressure levels (Hartmann and Larson, 866 

2002). For instance, consider the CTP interval between 0 hPa and 180 hPa. The strongest and 867 

deepest convection will detrain clouds into this pressure interval in the CTL simulation. However, 868 

as the atmosphere warms and clouds shift upward, weaker convection may detrain clouds into the 869 

interval as well. The introduction of weaker convection could change the COT distribution in the 870 

CTP interval between 0 hPa and 180 hPa and thereby contribute to the estimated COT feedback. 871 

However, this would be better interpreted as part of the cloud-altitude feedback. To check for 872 

evidence of this confounding factor, we perform two sensitivity tests in which the CTP bins in the 873 

upper troposphere are merged prior to the feedback analysis. In one test the CTP bins between 180 874 

hPa and 440 hPa are merged, and in a second test the CTP bins between 0 hPa and 310 hPa are 875 

merged. The coarsening of the CTP bins reduces the magnitude of the estimated ice-cloud COT 876 

feedback, and in two cases it even changes the sign (Fig. C2). This indicates that vertical shifts in 877 

ice-topped clouds probably act as a confounding factor that exaggerates the magnitude of the 878 

estimated ice-cloud COT feedback. This confounding factor could affect the estimated ice-cloud 879 

COT feedback in the extratropics as well. Thus, this feedback component should be interpreted 880 

with caution. 881 

This limitation is a consequence of the fact that cloud feedbacks are decomposed separately 882 

for each CTP bin. A common alternative choice is to first group all non-low clouds (CTP < 680 883 

hPa) and then compute the feedback from changes in their COT distribution (Zelinka et al., 2016). 884 

This approach avoids confounding factors in the estimated ice-cloud COT feedback from vertical 885 

shifts in clouds. However, it has the disadvantage that changes in upper-tropospheric ice-topped 886 

clouds and mid-tropospheric liquid-topped clouds could contribute to the estimated cloud-phase 887 

feedback, even though these changes happen at different pressure levels and are not caused by one 888 

phase replacing the other. We chose to quantify cloud feedbacks separately for each CTP bin to 889 

quantify the cloud-phase feedback as accurately as possible. A more refined decomposition 890 

method will be needed to separate the radiative feedbacks from changes in the amount, altitude, 891 

and COT of upper-tropospheric ice clouds. 892 

 893 
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 894 

Figure C1. Fraction of tropical ice-topped clouds partitioned by COT. (a) Mean fraction of thin and non-thin 895 
ice clouds, defined by 0.3 ≤ COT < 3.6 and COT ≥ 3.6, respectively. The ice-cloud fraction is computed over 896 
clouds with CTP < 310 hPa, and it is averaged over the seasonal cycle and between 30°S and 30°N. The CTL 897 
and WARM simulations are shown by adjacent bars. Thin and non-thin clouds are shown with light gray and 898 
dark gray colors, respectively. (b) Similar to (a) but showing the proportion of ice-cloud fraction in the thin and 899 
non-thin categories. 900 
 901 

 902 

Figure C2. Sensitivity tests for the COT feedback from ice-topped clouds (𝜆%,-.,4!+) in the tropics. “Main” 903 
shows the feedback estimates presented in the main text. “Test 1” is a sensitivity test in which the CTP bins 904 
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between 180 hPa and 440 hPa are merged prior to computing feedbacks. “Test 2” is similar to “Test 1” except 905 
that the CTP bins between 0 hPa and 310 hPa are merged. Feedbacks are averaged between 30°S and 30°N.  906 
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