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High cloud radiative heating increases with warming 
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Mean warming response (colors) of 
cloud fraction from 20 CMIP5 models 
(Sherwood et al., 2020)

0.5–1% K−1 in most of the troposphere. The intermodel standard deviation of cloud fraction response to
warming (Figure 5b) can be considered an internal measure of model uncertainty. It tends to be greatest
in regions where the multimodel mean cloud fraction is large, more so for tropical boundary layer and
deep convective clouds.

Figure 5c shows the corresponding zonally averaged cloud feedbacks, with a solid line shown at latitudes
where at least 14 of the 18 GCMs providing the needed data agree on the feedback sign. Equatorward of
50° latitude, GCMs robustly predict positive feedback, of which more than half is due to low cloud. Most
of the positive nonlow (i.e., high and middle level) cloud feedback is due to cloud altitude shifts
(Figure 5d), whereas most of the positive low‐cloud feedback is due to cloud fraction reductions
(Figure 5e). Negative cloud feedbacks near 60°S are primarily due to an increase in cloud optical depth (opa-
city), particularly in low cloud.

Our level of understanding of the physical processes responsible for these patterns of cloud response and
radiative feedback varies. We begin with cloud feedbacks that are considered more certain (high‐cloud alti-
tude) or important (tropical low cloud) before discussing less certain feedbacks associated with other
cloud types.
3.3.1. High‐Cloud Altitude Feedback
The altitude of high‐cloud tops is expected to increase with global warming, a response that arises from rela-
tively basic physics. Convective mixing in the tropics occurs only at altitude ranges experiencing substantial
radiative cooling by water vapor (Manabe & Strickler, 1964), which expand upward as the atmosphere
warms if relative humidity does not change substantially. Because anvil clouds form from detrainment near
the top of the convecting layer, they too are expected to rise with warming, roughly isothermally (Hartmann

Figure 5. Multimodel and zonal mean cloud diagnostics: (a) Mean cloud fraction (contours, every 5%) and warming
response (shading), with stippling where at least 20 of the 25 contributing CMIP5 models agree on the sign of the
response. (b) Intermodel standard deviation of cloud fraction response. (c) Total cloud feedback from all clouds and also
partitioned into contributions from low (cloud top pressures >680 hPa) and other (“nonlow,” cloud top pressures
<680 hPa) clouds. (d) Non‐low‐ and (e) low‐cloud feedback partitioned into amount, altitude, and optical‐depth
responses to warming. Latitudes where at least 14 of the 18 contributing models agree on the sign of the feedback are
plotted with a solid line. Feedbacks in (c)–(e) are calculated from abrupt4xCO2 simulations of seven CMIP5 models and
from equilibrium 2xCO2 simulations of 11 CMIP3 slab‐ocean models (see Zelinka et al., 2016, for details). Note that all
plots use an area‐weighted latitude scale. Figure based upon Zelinka et al. (2016).
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Increase in altitude of high clouds is the most robust 
cloud response to global warming

2

0.5–1% K−1 in most of the troposphere. The intermodel standard deviation of cloud fraction response to
warming (Figure 5b) can be considered an internal measure of model uncertainty. It tends to be greatest
in regions where the multimodel mean cloud fraction is large, more so for tropical boundary layer and
deep convective clouds.

Figure 5c shows the corresponding zonally averaged cloud feedbacks, with a solid line shown at latitudes
where at least 14 of the 18 GCMs providing the needed data agree on the feedback sign. Equatorward of
50° latitude, GCMs robustly predict positive feedback, of which more than half is due to low cloud. Most
of the positive nonlow (i.e., high and middle level) cloud feedback is due to cloud altitude shifts
(Figure 5d), whereas most of the positive low‐cloud feedback is due to cloud fraction reductions
(Figure 5e). Negative cloud feedbacks near 60°S are primarily due to an increase in cloud optical depth (opa-
city), particularly in low cloud.

Our level of understanding of the physical processes responsible for these patterns of cloud response and
radiative feedback varies. We begin with cloud feedbacks that are considered more certain (high‐cloud alti-
tude) or important (tropical low cloud) before discussing less certain feedbacks associated with other
cloud types.
3.3.1. High‐Cloud Altitude Feedback
The altitude of high‐cloud tops is expected to increase with global warming, a response that arises from rela-
tively basic physics. Convective mixing in the tropics occurs only at altitude ranges experiencing substantial
radiative cooling by water vapor (Manabe & Strickler, 1964), which expand upward as the atmosphere
warms if relative humidity does not change substantially. Because anvil clouds form from detrainment near
the top of the convecting layer, they too are expected to rise with warming, roughly isothermally (Hartmann

Figure 5. Multimodel and zonal mean cloud diagnostics: (a) Mean cloud fraction (contours, every 5%) and warming
response (shading), with stippling where at least 20 of the 25 contributing CMIP5 models agree on the sign of the
response. (b) Intermodel standard deviation of cloud fraction response. (c) Total cloud feedback from all clouds and also
partitioned into contributions from low (cloud top pressures >680 hPa) and other (“nonlow,” cloud top pressures
<680 hPa) clouds. (d) Non‐low‐ and (e) low‐cloud feedback partitioned into amount, altitude, and optical‐depth
responses to warming. Latitudes where at least 14 of the 18 contributing models agree on the sign of the feedback are
plotted with a solid line. Feedbacks in (c)–(e) are calculated from abrupt4xCO2 simulations of seven CMIP5 models and
from equilibrium 2xCO2 simulations of 11 CMIP3 slab‐ocean models (see Zelinka et al., 2016, for details). Note that all
plots use an area‐weighted latitude scale. Figure based upon Zelinka et al. (2016).

10.1029/2019RG000678Reviews of Geophysics

SHERWOOD ET AL. 23 of 92

Positive cloud feedback, with a 
value of 0.2 ± 0.1 W m-2/K 
(Zelinka et al., 2016; 
Sherwood et al., 2020)
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Cloud radiative heating modulates circulations and their 
responses to global warming
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Figure 1: Illustration of the radiatively induced circulations discussed in
this chapter, including tropospheric diabatic circulations (thick, black ar-
rows, see Section 1), large-scale shallow circulations (thick, black arrows in
the boundary layer and thick, grey arrows in the lower free troposphere,
see Section 2), mesoscale circulations of tropical high clouds (thin, grey ar-
rows, see Section 3), and small-scale convective motions within the anvils
(thin, black arrows, see Section 3). The thin, dashed line marks the top
of the boundary layer, which is located at altitudes of about 1–2 km. The
background shading represents the clear-sky radiative cooling. The shading
within the clouds indicates the CRE-AH. Blue indicates radiative cooling
and red indicates radiative heating.
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Dinh et al., accepted

Cloud radiative heating 
drives large-scale 
dynamics and its 
response to global 
warming (e.g. Voigt et al., 
2021, Dinh et al., accepted) and 
mesoscale circulations 
(e.g. Gasparini et al., 2022)
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Changes in cloud radiative heating (CRH) with warming

Zero hypothesis:
Cloud radiative heating 
shifts to a higher level
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Assume fixed anvil 
temperature
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Radiative calculations show an increase in CRH
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Cloud with FIXED properties 
(cloud optical depth = 1, 
ice water path = constant)
Fixed cloud base temp.



Radiative calculations show an increase in CRH
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Cloud with FIXED properties 
(cloud optical depth = 1, 
ice water path = constant)
Fixed cloud base temp.
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The increase in CRH is explained by a decrease in density
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Approximately fixed

Shift in altitude: 
density decreases
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Cloud with FIXED properties 
(cloud optical depth = 1, 
ice water path = constant)
Fixed cloud base temp.



RCE simulations are consistent with this picture
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RCEMIP data
RCE_large domain 
simulations from 13 cloud 
resolving models
(Wing et al., 2020)

Despite a mean cloud fraction decrease, 
cloud radiative heating increases!
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Satellite data also show an increase in upper 
tropospheric CRH in warmer years
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15-year satellite dataset based on infrared 
sounder data trained on 2B-FLXHR
(Stubenrauch et al., 2021)

Response of satellite retrieval 
to warming comparable to CRH 
changes in models
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Prediction based on “FAT” and diluted moist adiabats
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1. Fit a diluted moist adiabat
2. Find the temperature at 

peak CRH
3. Increase its surface value 

by 10°C
4. Assume no change in 

temperature at peak CRH, 
find the upward shift

5. Apply the density 
correction

Temperature CRH

Example for SAM GCRM model
Blaž Gasparini



Conclusions
1. Theory: If clouds behave according to FAT/PHAT, 

their CRH increase when they shift higher in 
altitude/lower in density

2. RCEMIP simulations: Well explained by an 
isothermal shift on a diluted adiabat 
+ density factor

3. Observations: same mechanism detected in 
interannual CRH variability
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If we know the present day CRH we can predict 
its response to surface warming

blaz.gasparini@univie.ac.at

2 Research plan

2.1 Current state of research in the field

Clouds are one of the most important elements in the climate system, due to both their shortwave (SW) cooling and
longwave (LW) warming effects on climate. The changes in radiative fluxes due to the cloud responses to the projected
warming, known as cloud feedback, represents one of the largest sources of uncertainty in climate models and their es-
timates of temperature increase as a result of a doubling of CO2 (Boucher et al., 2013; Vial et al., 2013; Caldwell et al.,
2016). In general circulation models (GCMs), the total simulated cloud feedback ranges from near zero to strongly pos-
itive, global warming intensifying (Ceppi et al., 2017). A large contribution to this spread comes from the tropical high
clouds (Zelinka et al., 2016; Zhou et al., 2014), which exhibit a large intermodel spread in both present and future climate
(Klein et al., 2013).
Past research has robustly determined the control mechanism of tropical high cloud altitude (Fig. 1). The tropical tro-
posphere is to first order controlled by an interplay between radiative cooling by emission of thermal radiation by water
vapor and latent heating in convective updrafts. The peak of convective detrainment therefore occurs just below the al-
titude where the radiative cooling becomes inefficient, at a temperature of about 220 K. This relation will not change in
a warmer climate, due to a ”fixed anvil temperature” (FAT) (Hartmann and Larson, 2002). The FAT hypothesis has been
later corrected to take into account a small warming effect due to an increase in upper tropospheric static stability (Zelinka
and Hartmann, 2010). FAT has been confirmed by cloud resolving models (CRMs) (Kuang and Hartmann, 2007; Harrop
and Hartmann, 2016; Hartmann et al., 2019), GCMs (Boucher et al., 2013; Zelinka et al., 2016), and satellite observations
(Zhou et al., 2014; Marvel et al., 2015; Norris et al., 2016; Mace and Berry, 2017).
However, while the temperature and height responses of clouds to climate change are well understood and robustly
simulated by models, it is less clear what controls changes in high cloud fraction, their cloud optical depth (COD),
convective clustering, and precipitation efficiency (Bretherton, 2015; Ceppi et al., 2017; Wing et al., 2018b,a) (Fig. 1).
Studies using limited domain models have so far presented a large range of high cloud fraction, COD, and aggregation
level responses, while global models are only starting to be used at resolutions high enough to resolve the cloud-scale
convective processes and their interactions with the large-scale flow (Satoh et al., 2019).

Figure 1: Robust (black) and unknown (gray) tropical high cloud changes due to global warming. TTL stands for tropical
tropopause layer.

2.1.1 Changes in tropical high cloud properties

The tropical cloud radiative effects (CRE) are dominated by the relative proportions of thick, freshly detrained anvil
clouds, and the thin anvils they evolve into. For thick anvil clouds SW effects prevail over their LW effects, leading to a
net climatic cooling effect. In contrast, LW effects prevail for thin anvil clouds with optical thicknesses smaller than 4,
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