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Greater climate sensitivity implied by anvil 
cloud thinning

Adam B. Sokol    1  , Casey J. Wall    2 & Dennis L. Hartmann    1

High clouds produced by tropical convection are expected to shrink in area 
as the climate warms, and the radiative feedback associated with this change 
has long been the subject of controversy. In a recent assessment of climate 
sensitivity, the World Climate Research Programme estimated that this 
feedback is substantially negative, albeit with substantial uncertainty. Here 
we examine the cloud response using an approach that treats high clouds 
as part of an optical continuum rather than entities with fixed opacity. We 
show that a substantial negative feedback is not supported by an ensemble 
of high-resolution atmospheric models. Rather, the models suggest that 
changes in cloud area and opacity together act as a weakly positive feedback. 
The positive opacity component arises from the disproportionate reduction 
in the area of thick, climate-cooling clouds relative to thin, climate-warming 
clouds. This suggests that thick cloud area is tightly coupled to the rate of 
convective overturning—which is expected to slow with warming—whereas 
thin cloud area is influenced by other, less certain processes. The positive 
feedback differs markedly from previous estimates and leads to a +0.3 °C 
shift in the median estimate of equilibrium climate sensitivity relative to a 
previous community assessment.

Anvil clouds produced by deep convection are widespread in the 
tropics and are a leading source of uncertainty in the recent assess-
ment of climate sensitivity by the World Climate Research Programme 
(WCRP)1. Thermodynamic arguments predict that anvil cloud area 
decreases as the surface warms2,3, but this could produce a positive, 
negative or neutral radiative feedback, because, unlike other cloud 
types, anvils can have either a positive or negative cloud radiative effect 
at different stages of their life cycle4,5. Deep convective towers and 
fresh, thick anvils have a high albedo and a strong, negative radiative 
effect, while thinner, aged anvils exert a modest, positive radiative 
effect6. Previous estimates of the anvil area feedback are altogether 
inconclusive; nevertheless, the maximum likelihood value assessed 
by the WCRP was substantially negative (−0.2 W m−2 K−1, with a Gauss-
ian standard deviation of 0.2 W m−2 K−1). Here, we will show that such a 
negative feedback is not supported by an ensemble of state-of-the-art 
cloud-resolving models (CRMs). To the contrary, the models predict 
that reductions in high cloud area come mostly from thick, reflective 

anvil clouds that cool the climate. The clouds left behind are opti-
cally thinner on average and have a more positive climatological  
radiative effect.

Previous work examining the relationship between surface tem-
perature (Ts) and convective cloud area generally supports a reduction 
in cloud area with warming, albeit with regional and methodological 
sensitivities7–17. Estimates of the associated radiative feedback, how-
ever, range from substantially negative11,14,18 to nearly neutral7 or slightly 
positive17,19–22. This continued uncertainty may arise, in part, from the 
use of various cloud classifications (for example, cirrus, high cloud, 
anvil, stratiform and so on) based on arbitrary thresholds that vary from 
study to study. In reality, tropical convection generates a continuum of 
ice clouds, with thick cumulonimbi on one end and thin cirrus on the 
other. This continuum perspective is valuable because it reflects real 
physical processes—the production, gradual thinning and eventual dis-
sipation of ice clouds—and provides an intuitive way of understanding 
the role of convectively generated clouds in tropical climate.
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anvil clouds are therefore those with the strongest warming effect. 
These clouds counteract the cooling effect of thicker clouds, leading 
to a climatological cloud radiative effect near zero in tropical convec-
tive regions26,27.

The CRM ensemble produces a wide variety of IWP distributions 
with varying degrees of similarity to the satellite-derived f (Fig. 2). In 
general, the models capture the maximum IWP of 2–4 × 104 g m−2 and 
the rapid increase in f as IWP decreases from 103 to 102 g m−2. More than 
half of the models produce a relative maximum or plateau near the 
observed range of 15–35 g m−2. This suggests that the models are gen-
erally capturing the basic thinning and spreading of anvil clouds after 
detrainment, and that the convective cloud continuum can be captured 
even in idealized representations of the tropical atmosphere. While the 
individual f(IWP) curves produced by each model vary substantially, we 
will show that the change in f in response to surface warming follows a 
robust pattern across the ensemble.

In the deep tropics, the ice cloud continuum is dominated by 
clouds with tops near the level of deep convective detrainment28. 
Mid-level ice clouds are very rare in the observations and model simula-
tions considered here (Extended Data Figs. 2–3), so we are confident 
that f reflects a continuum of high clouds consisting of deep convective 
towers, their attached anvils and thin cirrus of convective or in-situ 
origin (Supplementary Fig. 1). Based on Fig. 1, the continuum can be 
divided into two categories with physical relevance for cloud–climate 
interactions: clouds with CRE < 0 and those with CRE > 0. We refer to 
these as thick and thin clouds, respectively, and separate them by 

Here, we examine the ice cloud continuum using ice water path 
(IWP) as a coordinate. IWP—the total mass of condensed ice in the 
atmospheric column—can be estimated from satellite observations, 
is easily calculated from model output, and is closely linked to cloud 
radiative effect and optical depth (τ; Extended Data Fig. 1). Changes 
in the frequency distribution of IWP are therefore informative for 
understanding the impact of ice clouds on the top-of-atmosphere 
radiative balance.

We apply the continuum perspective to an ensemble of CRMs in 
which deep convection and anvil evolution are explicitly simulated. As 
part of the Radiative–Convective Equilibrium Model Intercomparison 
Project (RCEMIP)23, these models were run on a limited-area, oceanic 
domain large enough to permit large-scale convective organization 
(Methods). Simulations were conducted for three fixed, uniform Ts 
values (295, 300 and 305 K). We will show that the ice cloud response to 
warming is characterized by two regimes: a robust reduction in thick ice 
cloud area that is consistent with existing thermodynamic arguments 
and a small but uncertain change in thin ice cloud area. Such changes 
produce an overall thinning of the cloud population and a positive 
opacity feedback, implying a +0.3 °C shift in the WCRP estimate of 
equilibrium climate sensitivity (ECS).

Convective clouds as a continuum of ice
The continuum of tropical ice clouds can be represented by a discrete 
frequency distribution of IWP24,25. We denote this distribution as f(IWP), 
which can be interpreted as the IWP-resolved cloud fraction. Similarly, 
we denote the mean cloud radiative effect of convectively generated 
ice clouds as CRE(IWP) (Methods). Satellite-derived estimates of f from 
the tropical West Pacific, along with model-estimated CRE, provide an 
intuitive understanding of convective cloud evolution (Fig. 1). At high 
IWP (>103 g m−2), deep convective cores have a large, negative CRE but 
cover a small area. As IWP decreases, f and CRE both increase rapidly, 
which reflects the thinning and spreading of detrained anvils. Maxi-
mum f occurs around 15–35 g m−2 (τ ≈ 1–2; Extended Data Fig. 1), which 
approximately coincides with the CRE maximum; the most abundant 
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Fig. 1 | The tropical ice cloud continuum. a, f(IWP) derived from satellite 
observations of the tropical West Pacific (150–180° E, 15° S–15° N) for 2009. Three 
satellite retrievals and their mean are shown: DARDAR v2 is the DARDAR-Cloud 
version 2.1.1 (ref. 47); DARDAR v3 is the DARDAR-Cloud version 3.1 (ref. 48); and 
2C-ICE is the 2C-ICE R05 (ref. 49) (Methods). b, Multimodel mean CRE(IWP) for 
the CRM simulations with Ts = 300 K. Low cloud effects are treated as described in 
the Methods.
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Fig. 2 | Model representations of the ice cloud continuum. f(IWP) for each 
model and each Ts are shown. Dashed grey lines show the mean of the three 
satellite-derived estimates of f, scaled arbitrarily by a factor of 0.75 to aid 
comparison of distribution shapes. Vertical, dashed grey lines mark the cutoff 
between thick and thin clouds.
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an IWP threshold corresponding to the change in sign of the multi-
model mean CRE. The area fractions covered by thick and thin clouds  
are then

fthick =
∞
∑

200gm−2
f(IWP)

fthin =
200
∑

1 gm−2
f(IWP)

and the total ice cloud fraction is fice = fthick + fthin. Clouds with IWP < 1 g 
m−2 have a small radiative effect and are excluded from our analysis, 
which does not affect our results (Supplementary Discussion 1).

The domain-averaged radiative effect of ice clouds, denoted here 
as Cice, can be similarly decomposed into thick and thin cloud contri-
butions, Cthick and Cthin, respectively. We first define the area-weighted 
CRE as

C(IWP) = f(IWP) × CRE(IWP) (1)

which represents the cloud radiative effect of a particular IWP bin aver-
aged over the entire domain. Then, as with f, Cice, Cthick and Cthin are found 
by summing C over the relevant IWP intervals (Methods and Extended 
Data Fig. 4).

Ice cloud thinning in response to warming
The response of f to surface warming varies substantially across the 
ensemble (Fig. 2 and Extended Data Figs. 5 and 6). To identify robust 
aspects of the response, we compute the multimodel mean fractional 
change in f between 295 and 305 K (Fig. 3a). This shows that f increases 
with warming at the largest IWPs, reflecting an increase in the ice con-
tent of the strongest convective updrafts. Otherwise, we find that thick 
clouds consistently contract across the entire ensemble, with a mean 
change in fthick of −2% K−1. This change, reflective of a decrease in the area 
occupied by deep convective cores and fresh anvils, is in line with the 
anticipated weakening of the mean convective mass flux29–31. In theory, 
this weakening could manifest as a decrease in the convective area 
fraction, a decrease in the vertical velocity within convection or some 
combination thereof. Because convective storms are expected to be 

more vigorous with warming32,33, it seems likely that convective area 
fraction decreases. This could arise from a reduction in the number of 
convective events or a decrease in their typical width, but the present 
analysis does not discern between these two mechanisms. Regard-
less, the reduction in fthick seen here suggests that changes in convec-
tive area fraction affect not only deep convective cores but also fresh, 
thick anvil clouds, which are typically attached to convective cores 
and undergo relatively rapid thinning after their formation34,35. The 
impressive agreement between the CRMs (Fig. 3b and Extended Data 
Fig. 5c) suggests that this response is rooted in fundamental physics 
shared by all of the models.

In contrast to the reduction in fthick, there is no model consensus 
on changes in thin cloud area. The ensemble is evenly split on the 
sign of Δfthin, resulting in a small ensemble mean response despite 
wide intermodel spread (Fig. 3b). The mismatch between changes 
in fthick and fthin suggests that the thin cloud response is not as tightly 
constrained by changes in the convective mass flux. This is in line 
with our current understanding that the spreading, thinning and 
maintenance of aged anvils are driven by various microphysical and 
radiative processes that are not directly related to the total convec-
tive mass flux4,5,36–38. Intermodel differences in the representation 
of these processes (particularly microphysics) almost certainly 
impact the simulated thin cloud response. With these insights into 
the anvil life cycle, it is perhaps unsurprising that Δfthin is poorly con-
strained compared with Δfthick. Because thin clouds are much more 
abundant than thick ones, changes in fice largely reflect those in fthin 
(Supplementary Tables 1 and 2). Intermodel spread in Δfice is best 
explained by Δf at ~20 g m−2 (r2 = 0.92; Extended Data Fig. 7), which 
closely corresponds to the most abundant IWP in observations and  
some models.

With a robust reduction in fthick and a small mean change in fthin, the 
ensemble suggests that the ice cloud population becomes thinner in 
response to surface warming. The ratio of thin to thick clouds increases 
in all but one of the models (Extended Data Fig. 6), demonstrating 
that this thinning can occur regardless of whether the total ice cloud 
fraction increases, decreases or stays the same. This thinning is quali-
tatively consistent with the previous finding that thick, high clouds 
respond more readily than thin, high clouds to interannual Ts variability 
observed in the real tropics8,16,21,39,40.
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Fig. 3 | The ice cloud response to warming and its radiative effects. a, 
Fractional change in f(IWP), CRE(IWP) for Ts = 295 K and ΔfC, the change in 
domain-averaged CRE due to changes in f alone. Lines show the multimodel 
means and shading shows the 25–75th percentiles. b, Fractional change in fice and 
its decomposition into thick and thin cloud components. c, The combined area 

and opacity feedback ΔfCice, its thick and thin cloud components, and its area 
and opacity components. All changes are evaluated between 295 and 305 K and 
normalized by ΔTs. For box plots, boxes show quartiles 1–3 and outliers differ 
from quartile 1 or 3 by at least 1.5 × interquartile range. Dashes show medians, red 
triangles show means and dots show individual models (n = 11).
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A positive opacity feedback
We now seek to understand how changes in the ice cloud continuum 
affect Cice, the domain-averaged radiative effect of ice clouds. The 
change in C due solely to changes in f is expressed as

ΔfC(IWP) = CRE(IWP) × Δf(IWP) (2)

where Δf denotes the change due to f alone, normalized by ΔTs, and 
CRE(IWP) is evaluated at the initial Ts. As before, ΔfCthick, ΔfCthin and ΔfCice 
are found by summing ΔfC over the respective IWP intervals. ΔfCice can 
be interpreted as a combined area and opacity feedback, although it 
neglects the part of the opacity feedback related to changes in cloud 
microphysics (Methods).

We assess ΔfC and ΔfCice separately for each model between 295 and 
305 K. All but three produce positive ΔfCice (Fig. 3c and Supplementary 
Table 2), demonstrating that cloud thinning can lead to an increase in 
climatological cloud radiative effect regardless of whether fice increases 
or decreases. The ensemble mean ΔfCice is +0.09 W m−2 K−1; nearly all 
of this increase comes from thick cloud changes, while the mean thin 
cloud contribution is again very small but with considerably more 
spread (Fig. 3c). Intermodel spread in ΔfCice is well explained by its thin 
cloud component (r2 = 0.95) and best predicted by ΔfC at 40–70 g m−2 
(r2 = 0.97; Extended Data Figure 7).

ΔfCice can be decomposed into two parts analogous to conventional 
cloud area and opacity feedbacks (Methods). The area component 
assumes a uniform fractional change in f and no change in CRE , the 
conditionally averaged radiative effect of ice clouds. In most of the 
models, the area component is very small (Fig. 3c), either because Δfice 
is small or because the ice cloud population is about radiatively neutral 
to begin with. This is in line with previous arguments suggesting that 
the radiative neutrality of convective clouds constrains the area feed-
back to be small41.

The opacity component of ΔfCice accounts for changes in CRE  
brought about by non-uniform changes in f, such as the thinning of the 
cloud population described above. Unlike the area component, the 
opacity component is generally positive across the ensemble (Fig. 3c), 
reflecting a mean increase in CRE  due to cloud thinning. The ensemble 
mean opacity component accounts for nearly all of the magnitude of 
ΔfCice, suggesting that when it comes to anvil radiative feedbacks, the 
total change in cloud area is less important than how that change is 
spread across the ice cloud continuum. The CRMs show impressive 
agreement in this regard, as does at least one general circulation model 
with parameterized convection21. Again, intermodel spread in the area 
and opacity components is well explained by the spread in Δfthin 
(Extended Data Fig. 8).

Implications for climate sensitivity
The positive feedback predicted by the CRM ensemble represents 
a notable departure from the WCRP estimate of the combined anvil 
area and opacity feedback (Supplementary Discussion 2), suggesting 
that clouds act to enhance global warming more than was assumed in 
the WCRP assessment of ECS. To update that assessment, we replace 
the previous feedback estimate with our RCEMIP-informed value and 
generate a new probability density function (PDF) of ECS. We calculate 
the RCEMIP-informed value by converting the multimodel mean ΔfCice 
to a global mean feedback (Methods). This gives a feedback estimate of 
N(0.03, 0.06) W m−2 K−1, where, following the WCRP convention1, N(x, y) 
is a Gaussian with mean x and standard deviation y, which we set equal 
to the feedback standard deviation across the RCEMIP ensemble. While 
the RCEMIP-informed feedback is small in magnitude compared with 
other cloud feedbacks, it is a large change from the previous estimate 
and corresponds to a 51% increase in the total cloud feedback assessed 
by the WCRP.

Updating the feedback results in a broad +0.3 °C shift in the ECS 
PDF (Fig. 4). The central estimate (median) increases from 3.1 to 3.4 °C,  

and the 66% likely range from 2.6–3.9 to 2.8–4.2 °C (Extended Data 
Table 1). The ~10% widening of the likely range is counterintuitive given 
the reduction in anvil feedback uncertainty relative to the WCRP assess-
ment. The reduction in uncertainty is outweighed by the increase in the 
central estimate of the feedback, which acts to broaden the PDF due to 
the nonlinear relationship between ECS and feedback strength42. The 
likelihoods of extreme ECS values are most dramatically affected by 
the feedback update: the probability of ECS > 6 °C doubles, while that 
of ECS < 2 °C is reduced by 74%. Sensitivity tests (Methods) show that 
the shift in the PDF results from the increase in the central estimate 
of the feedback and is quite insensitive to the feedback uncertainty 
(Extended Data Fig. 9 and Extended Data Table 1).

Extrapolating from RCEMIP to a global mean feedback comes 
with the caveat that certain atmospheric changes cannot be captured 
in such idealized simulation setups. For example, our feedback esti-
mate cannot account for warming-induced changes in planetary-scale 
circulation or dynamical modes of variability, which could affect pat-
terns of convection and cloudiness. However, the RCEMIP CRMs pro-
duce a wide range of changes in large-scale convective organization 
in response to warming43; these changes freely affect cloud proper-
ties and are thus implicitly included in our analysis. We are therefore 
confident that our estimate spans a wide range of possible changes in 
large-scale convective dynamics. Furthermore, we have already shown 
that the CRMs capture the expected reduction in deep convective area 
in response to warming; this, along with previous work showing that 
the ensemble-predicted changes in cloud altitude and temperature 
are consistent with observational and theoretical expectations43,44, 
adds confidence that the most fundamental aspects of the convective 
response are well represented by the CRMs.

Thin clouds are key for reducing uncertainty
A main takeaway of this work is that changes in tropical ice cloud opac-
ity are a critical part of the cloud response to warming. The possibil-
ity of a high cloud opacity feedback has been noted before18,21,45 but 
has received comparatively little attention in broader discussions of 
cloud feedback and ECS. Previous assessments have often assumed 
fixed anvil opacity11,20, perhaps due to the lack of a priori expectations 
for how changes in area would be spread across the distribution of 
clouds observed in the present-day tropics. By treating tropical ice 
clouds as a continuum, this work provides an initial characterization 
of that response. While our estimate of the combined area and opacity 
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Fig. 4 | Updating the PDF of ECS. The grey line shows the WCRP baseline estimate 
from ref. 1, which uses an anvil area feedback of N(−0.20, 0.20) W m−2 K−1, where 
N(x, y) is a Gaussian with mean x and standard deviation y. The pink line shows the 
updated calculation using the RCEMIP-informed value of N(0.03, 0.06) W m−2 K−1. 
The horizontal lines and boxes at the top show 90% and 66% confidence intervals, 
respectively, and white dashes show the central estimate (median).
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feedback is small, it constitutes a marked increase from the WCRP esti-
mate1 and implies a substantial shift in the PDF of ECS.

The continuum framework has revealed that thick, climate-cooling 
and thin, climate-warming clouds are affected differently by changes 
in Ts. The robust decrease in thick cloud area mirrors expected changes 
in convective mass flux, whereas the uncertain thin cloud response 
appears to be influenced by other factors. In particular, thin clouds 
with IWP between 20 and 70 g m−2 (τ ≈ 1–3) are the leading source of 
uncertainty in changes in ice cloud area and radiative effect. These 
clouds are known to be shaped by various radiative, dynamic and micro-
physical processes that may respond to warming in complex ways46. 
Constraining these changes is a challenging undertaking that requires 
consideration of a wide range of physical scales, but such an endeavour 
may prove critical for understanding tropical climate change.
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Methods
Satellite observations of IWP
The three satellite retrievals shown in Fig. 1a are combined radar–lidar 
retrievals that use measurements from the CALIOP lidar50 and the 
CloudSat radar51. Both instruments are part of the A-Train satellite 
constellation. The three retrievals are DARDAR-Cloud version 2.1.1  
(ref. 47), DARDAR-Cloud version 3.1 (ref. 48) and 2C-ICE R05 (ref. 49). 
The two versions of DARDAR-Cloud differ principally in their treatment 
of cloudy volumes detected by the lidar only48.

CRM ensemble
We use output from the ‘RCE_large’ simulations of RCEMIP. The full 
simulation protocol is described in ref. 23. Briefly, the simulations have 
a domain size of ~6,000 × 400 km2 with 3 km horizontal resolution. 
They used three fixed, uniform sea surface temperatures (295, 300 
and 305 K) and were integrated for 100 days. We use the instantaneous 
three-dimensional output (every 6 hours) from the last 25 days of each 
run. Instantaneous IWP is computed by vertically integrating the total 
(precipitating and non-precipitating) atmospheric ice content. We 
included precipitating ice to be consistent with the satellite observa-
tions, which do not distinguish between ice types.

Our analysis includes all of the RCEMIP CRMs for which the nec-
essary, standardized output is publicly available, with the exception 
of UKMO-RA1-T-nocloud and UKMO-CASIM. UKMO-RA1-T-nocloud 
is the same as UKMO-RA1-T apart from its deactivation of a subgrid 
cloud scheme. UKMO-CASIM is excluded because the unique vertical 
structure of convection in that model produces an IWP distribution that 
does not reflect deep convective cloud climatology, but rather expan-
sive, stratiform ice clouds produced by convective detrainment near 
the freezing level. We also include the RCEMIP_large-style simulations 
described in ref. 52, which use the SAM model53 with P3 microphysics54 
(referred to as SAM-P3).

Calculation of CRE(IWP) and treatment of low clouds
For each column of model output, cloud radiative effect is computed 
as the difference between hourly mean all-sky and clear-sky radiative 
fluxes. We seek to calculate CRE(IWP) such that it reflects the radiative 
effects of clouds produced by deep convection while excluding the 
effects of unrelated liquid clouds below. To this end, we first compute 
the mean cloud radiative effect of all columns falling within each IWP 
bin (the ‘all-sky’ cloud radiative effect) as well as that of the columns 
with liquid water path below 1 g m−2 (the ‘ice-only’ cloud radiative 
effect). Liquid clouds found in low-IWP columns are typically low clouds 
at the top of the boundary layer, which are unrelated to the overlying 
ice clouds but nevertheless have an impact on the top-of-atmosphere 
CRE55. Therefore, to exclude their radiative effects from CRE(IWP), 
we set CRE(IWP) equal to the ice-only cloud radiative effect for IWP  
< 102 g m−2. On the other hand, liquid found in high-IWP columns is 
typically part of same deep convective cloud as the ice above; we seek 
to include these liquid effects and therefore set CRE(IWP) equal to 
the all-sky cloud radiative effect for IWP > 103 g m−2. Between 102 and 
103 g m−2, we use a transition that is linear with respect to log10IWP 
(Supplementary Fig. 2). These thresholds were selected based on the 
multimodel mean liquid cloud fraction within each IWP bin (Supple-
mentary Fig. 3), which increases rapidly within this range, signalling 
a shift from low clouds unrelated to the high clouds above to deep 
convective clouds occupying a large portion of the atmospheric 
column. Our results are not sensitive to the details of this transition, 
and the multimodel mean CRE(IWP) for Ts = 295 K changes sign at 
~200 g m−2 (τ ≈ 4–5; Extended Data Fig. 1), which is consistent with  
previous analyses24,56,57.

Definitions in the IWP framework
We have defined f(IWP) and CRE(IWP) as the IWP-resolved cloud 
fraction and radiative effect, respectively. We have also defined the 

area-weighted cloud radiative effect as C(IWP) = f(IWP) × CRE(IWP). For 
any parameter X(IWP), we compute the thick and thin cloud contribu-
tions to the domain mean as

Xthick =
∞
∑

200gm−2
X

Xthin =
200
∑

1 gm−2
X

and the total ice cloud contribution as Xice = Xthick + Xthin. This notation 
is applied to f(IWP) and C(IWP) throughout the paper, with fice and Cice 
thus representing the domain-averaged ice cloud fraction and the 
domain-averaged ice cloud radiative effect, respectively. The condi-
tionally averaged ice cloud radiative effect is defined as CRE = Cice/fice.

Analytical expressions for cloud feedback in the IWP 
framework
The Cess-type cloud feedback is defined as the change in domain- 
averaged cloud radiative effect normalized by ΔTs (ref. 58). It differs 
slightly from the formal cloud feedback parameter computed by partial 
radiative perturbation59. In traditional feedback analysis, the total cloud 
feedback is often decomposed into cloud altitude, area and opacity 
components. Resolved across the IWP continuum, the total Cess-type 
ice cloud feedback is expressed as

ΔC(IWP) = CRE × Δf + f × ΔCRE + Δf × ΔCRE (3)

where all variables are functions of IWP and all Δ terms are assumed 
to be normalized by ΔTs. The final term on the right-hand side is a 
small nonlinear term that we neglect here. The second term on the 
right-hand side accounts for changes in CRE(IWP), which may occur 
due to changes in clear-sky fluxes or cloud temperature, altitude and 
microphysical structure. This term encompasses so-called cloud 
masking effects59, the entire ice cloud altitude feedback, as well as 
the microphysical part of the opacity feedback, which manifests as a 
change in the optical depth associated with a particular IWP. While this 
term is of substantial magnitude (Supplementary Fig. 4), it is not our  
focus here.

The first term on the right-hand side of equation (3), which we 
define as ΔfC, is the part of ΔC attributable to changes in the frequency 
of a particular IWP. ΔfCice, equal to the sum of ΔfC across all IWP > 1 g m−2, 
is thus the change in the domain-averaged radiative effect of ice clouds 
due to changes in f alone. ΔfCice encompasses the entire ice cloud area 
feedback and the remaining part of the ice cloud opacity feedback, 
because non-uniform changes in f can drive changes in mean ice cloud 
opacity. To formally separate the area and opacity components, we first 
define the fractional change in f(IWP) as g(IWP):

g(IWP) = Δf
f

(4)

which can be decomposed as

g(IWP) = G + g′(IWP) (5)

where G = Δfice/fice is the fractional change in total ice cloud fraction 
and g′ is the deviation from G at a particular IWP. Combining equations 
(4) and (5) yields

Δf = f × (G + g′) (6)

which when substituted into equation (2) yields

ΔfC = C(G + g′) (7)

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-024-01420-6

where we have employed equation (1). ΔfCice is then found by summing 
over all IWP > 1 g m−2:

ΔfCice = G
∞
∑

1 gm−2
C +

∞
∑

1 gm−2
g′C (8)

which, using the definitions of Cice and G, simplifies to

ΔfCice = Δfice × CRE +
∞
∑

1 gm−2
g′C (9)

The first term on the right-hand side is the area component of ΔfCice, 
which is attributable to changes in total ice cloud fraction assuming 
fixed CRE  (that is, a uniform fractional change in f across all IWP). The 
second term is the opacity component, which accounts for deviations 
from a uniform fractional change, which causes bulk thinning or thick-
ening of the ice cloud population and may affect CRE . The opacity 
component does not account for the microphysically driven opacity 
changes included in the second term of equation (3).

Recently, a simplified expression for the anvil cloud area feedback 
was developed17 (equation 9, in ref. 17, which the authors refer to as the 
iris feedback). Unlike the Cess-type feedbacks discussed above, their 
expression aligns with traditional feedback formalism. Discretizing 
their expression shows that it is the same as the cloud area component 
of equation (9), with the addition of a cloud overlap term. Therefore, 
ΔfCice can be interpreted as the sum of the ice cloud area feedback and 
the part of the opacity feedback related to changes in f. With regard 
to our treatment of cloud overlap here, the formulation of CRE(IWP) 
described above must be kept in mind. Whether or not the radiative 
effects of cloud liquid are included in ΔfC depends on IWP. At high IWPs 
corresponding to deep convective cores and very thick anvil clouds, 
we have assumed that any liquid present in the column belongs to the 
same cloud system as the ice, and the all-sky radiative effect is thus used 
to evaluate ΔfC. On the other hand, at low IWPs, ΔfC is evaluated using 
the ice-only radiative effect. This means, for example, that the ice-free 
area exposed by a reduction in f is partially occupied by low clouds 
exerting a negative radiative effect. The low-cloud radiative effect in 
the newly exposed regions is assumed to be equal to the difference 
between the all-sky and ice-only radiative effects. This is probably an 
underestimate, because the radiative effects of overlapping low and 
high clouds are not simply additive in reality. However, the impact 
of this bias on ΔfCice is small due to compensating effects of models 
with increasing and decreasing thin cloud area. To account for this 
potential uncertainty, our analysis of ECS includes sensitivity tests,  
described below.

Converting ΔfCice to a global mean feedback and estimating 
ECS
The ensemble mean ΔfCice represents the anvil cloud area and opacity 
feedback, which we take to be valid over Earth’s tropical oceans. To 
convert this to a global mean feedback, we multiply by the fractional 
area of the tropical oceans (37%) and assume that the tropics warm by 
0.9 °C for every degree of global mean warming60. This results in the 
reported feedback value of N(0.03, 0.06) W m−2 K−1, where the Gaussian 
standard deviation is set equal to the standard deviation of the feedback 
across the RCEMIP ensemble. We then generated an updated PDF of 
ECS using the Bayesian inference code from ref. 1 with all three lines of 
evidence used in their original analysis (historical, process-based and 
palaeoclimatological).

We conduct sensitivity tests to account for additional sources 
of uncertainty that may not be captured by the standard deviation of 
the RCEMIP ensemble. For example, changes in cloud microphysical 
structure could contribute to the opacity feedback but are not included 
in our estimate due to model output limitations. Overlap between 
high and low clouds, some of which is accounted for in our estimate, 

is another possible source of model bias and feedback uncertainty. To 
assess the impact of greater feedback uncertainty, we run the ECS calcu-
lations for additional feedback values of N(0.03, 0.16) and N(0.03, 0.20) 
W m−2 K−1. The value of 0.16 W m−2 K−1 is the maximum deviation of any 
individual model from the multimodel mean and thus encompasses the 
full ensemble spread. The value of 0.20 W m−2 K−1 is the WCRP-assessed 
uncertainty from ref. 1, intended to serve as an upper bound. As shown 
in Extended Data Fig. 9 and Supplementary Table 3, the resulting PDFs 
are very similar to the PDF for N(0.03, 0.06).

Data availability
The DARDAR-Cloud satellite products are available at https://www.
icare.univ-lille.fr/dardar/data-access/ and the 2C-ICE products at 
https://www.cloudsat.cira.colostate.edu/data-products/2c-ice. 
RCEMIP model output is publicly available at http://hdl.handle.
net/21.14101/d4beee8e-6996-453e-bbd1-ff53b6874c0e, and output 
from the SAM-P3 model runs is available from the corresponding 
author on request. The derived statistics needed to reproduce the 
figures in this paper, as well as output from the SAM-P3 model runs, is 
available at https://doi.org/10.5281/zenodo.10640752 (ref. 61).

Code availability
The code used for the climate sensitivity calculations is available from 
the WCRP at https://zenodo.org/record/3945276#.ZFvtAOzMJ8Z  
(ref. 62). The code needed to generate the figures in this paper is avail-
able at https://doi.org/10.5281/zenodo.10640752 (ref. 61).
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Extended Data Fig. 1 | Relationship between IWP and optical depth. Mean ice cloud optical depth τ as a function of IWP in the three combined radar-lidar satellite 
retrievals.
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Extended Data Fig. 2 | Observed cloud macrophysical properties in IWP 
space. Cloud fraction composited by IWP and height in DARDAR v2.1.1. The red 
line shows the mean cloud top height at each IWP, with red shading between the 
10th and 90th cloud top height percentiles. Following ref. 50, cloudy volumes  

are defined as those with nonzero ice water content and visible extinction 
coefficient exceeding 0.125 km−1. Data are for 150-180∘E and 12∘S-12∘N for the  
2009 calendar year.
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Extended Data Fig. 3 | Modeled cloud macrophysical properties in IWP 
space. Cloud fraction composited by pressure and IWP for the final 15 days of 
the RCEMIP simulations with Ts = 300 K. Grid boxes are considered cloudy if the 
total condensate mixing ratio exceeds 10−5 kg/kg. Red lines show the median 

cloud top pressure (CTP) of ice clouds, with red shading between the 10th and 
90th CTP percentiles. The CTP statistics do not extend all the way down to IWP=1 
g/m2 because such low IWPs can only result from ice mixing ratios below the 
cloudiness threshold.
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Extended Data Fig. 4 | Mean cloud radiative effects across the RCEMIP 
ensemble. Box plots of Cice, Cthick, and Cthin in the CRM ensemble for each value 
of Ts. Boxes show Q1-Q3, the horizontal lines within each box show medians, red 

triangles show means, and each dot shows an individual model (n = 11). Outliers 
are defined as points that differ from Q1 or Q3 by more than 1.5x the interquartile 
range.
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Extended Data Fig. 5 | Results for individual RCEMIP models. (a) Absolute and 
(c) fractional changes in f between 295 and 305 K, normalized by ΔTs. (b) C at 295 
K and (d) ΔfC between 295 and 305 K. Thin lines show individual models. Heavy 

black lines show multimodel means. Heavy red lines show the ensemble standard 
deviation and are plotted on a different vertical axis shown in red on the right side 
of each plot.
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Extended Data Fig. 6 | Cloud fraction statistics for individual models. Cloud fraction as a function of Ts for each model in the CRM ensemble. Panels are shown for 
different portions of the IWP continuum. The bottom-right shows the ratio of thin to thick ice clouds.
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Extended Data Fig. 7 | Correlation coefficients between IWP-resolved and domain-averaged quantities. Correlation coefficients are shown for various quantities. 
Black: absolute changes in f (IWP) and fice. Green: fractional changes in f (IWP) and fice. Pink: ΔfC (IWP) and ΔfCice.
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Extended Data Fig. 8 | Relationships between changes in cloud fraction 
metrics and various radiative feedback components. Changes in fice, fthick, 
and fthin versus ΔfCice and its area- and opacity-related components. ΔfCice plotted 
against a, Δfice; b, Δfthick; and c, Δfthin. The area component of ΔfCice plotted against 

d, Δfice; e, Δfthick; and f, Δfthin. The opacity component of ΔfCice plotted against g, 
Δfice; h, Δfthick; and i, Δfthin. Correlation coefficients are shown for each relationship 
and are marked with an asterisk if not statistically different from zero, that is if the 
95% confidence interval includes zero (n = 11). All values are normalized by ΔTs.
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Extended Data Fig. 9 | Sensitivity of the ECS PDF to feedback uncertainty. 
The test values for the anvil area and opacity feedback are displayed as N(x, y), 
which represents a Gaussian with mean x and standard deviation y. The three 
RCEMIP-informed feedback estimates use the same mean value but different 

standard deviations, which, in increasing order, correspond to the standard 
deviation of the RCEMIP models, the maximum absolute difference between a 
single model and multimodel mean, and the original standard deviation assessed 
by the WCRP.
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Extended Data Table 1 | Statistics for the posterior PDFs of equilibrium climate sensitivity

Statistics are given for the original WCRP feedback estimate and for the RCEMIP-informed estimates. Each feedback value is reported as a Gaussian of form N(x, y), where x is the mean and 
y the standard deviation. The three RCEMIP-informed estimates use the same mean value but three different standard deviations, which, in increasing order, correspond to the standard 
deviation of the RCEMIP ensemble, the maximum deviation of any single model from the multimodel mean, and the original standard deviation assessed by the WCRP.
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