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Tropical high clouds are the cloud type that contributes most to the uncertainty in climate sensitivity, as
their feedback on global warming remains poorly constrained. One reason for this is that global
circulation models (GCMs) do not resolve the full spectrum of high clouds, ranging from thin cirrus to
thick deep convective clouds. We use a set of storm-resolving aquaplanet simulations that resolve this
spectrum to investigate how high clouds with different thicknesses contribute to the total high-cloud
feedback. We find that the total feedback is positive, arising from all high clouds remaining at fixed
temperatures and from an intensification of the diurnal cycle of deep convection. Fixed high-cloud

temperatures require an interactive representation of ozone. Prescribing ozone, as often done in
GCMs, results in an unrealistic warming of high clouds and hence a less positive feedback. Thick
clouds produced by deep convection partly shift from daytime to nighttime in response to surface
warming. This reduces sunlight reflection and results in a previously unrecognised positive feedback.
The reduction of high clouds in response to warming, assumed to produce a negative feedback,
affects thin (warming) and thick (cooling) clouds equally in our simulations, resulting in a near-neutral

feedback.

High clouds fed by deep convection occur throughout the tropics, but
remain difficult to predict due to their multiscale nature, spanning from the
microscale of individual droplets, through the mesoscale of convective
systems, to the synoptic scale of the intertropical convergence zone'. As a
result, tropical high clouds are the cloud type contributing most to the
uncertainty in climate sensitivity, with their feedback on global warming
being poorly constrained”.

Progress in reducing the uncertainty in the response of tropical high
clouds to surface warming has been difficult, partly because global circu-
lation models (GCMs) have limited ability to capture the details of tropical
convection. With a typical horizontal grid-spacing of O(100km), those
models do not resolve convection or individual clouds and hence rely on
parameterisations for those processes, which cause vast inter-model dif-
ferences in the cloud response to warming™*.

There is hope that the shortcomings of GCMs for simulating clouds
can be overcome by global storm-resolving models (GSRMs) with a hor-
izontal grid-spacing of O(1 km)’. Those models do not depend on para-
meterisations of convection since it is simulated explicitly, and clouds are
resolved in the sense that microphysical models directly respond to grid-
scale forcing’. GSRMs indeed represent some aspects of the tropical climate

more accurately than GCMs: the diurnal cycle and the spatial distribution of
precipitation are better captured’, and the inter-model spread of relative
humidity is reduced”.

Another benefit from GSRM:s is that their high resolution allows for
better interpretability of the results. By resolving high clouds, GSRMs
capture the continuum of high clouds that exists in the real world, ranging
from thick deep convective towers to thin cirrus’. Therefore, the total high-
cloud radiative effect can be decomposed into the high-cloud radiative effect
as a function of cloud thickness, measured by ice water path (I), and the
frequency of each I'*"". This perspective uncovers how clouds with different
thicknesses, governed by different physics, contribute to the high-cloud
feedback.

We use this I-perspective to investigate the tropical high-cloud feed-
back in a set of global storm-resolving aquaplanet simulations. We will show
that the tropical high-cloud feedback consists of three parts: a positive
longwave feedback from high clouds remaining at fixed temperature, a
positive shortwave feedback from an intensification of the diurnal cycle of
convection and a near-neutral feedback from changes in high-cloud fre-
quency. The total tropical high-cloud feedback we derive is positive, in
contrast to the near-neutral estimate reported by the World Climate
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Fig. 1 | Frequency of tropical high clouds, their radiative effect and how both
change in response to surface warming. a High-cloud radiative effect (C) as a
function of ice water path (I), b ice water path frequency distribution (P), ¢ change of

b
0.02
S a==-..
= 1
0.01 A a
0.00 . . . ——
0.0008 4 <
Y
< -LLLLLL‘-
0.0000
—0.0004 A =N
1074 1073 1072 1071 10° 10!
I/ kg m=2
—— Control w2 C-|ICE
— +2K DarDar v2
+4 K

the LW C with respect to the control simulation (ACy), d change of the SW C with
respect to the control simulation (ACsy), e change in P with respect to the control
simulation (AP).

Research Programme (WCRP) expert assessment’. This difference arises
because the newly identified positive feedback from an intensified diurnal
cycle of convection adds to the well-documented'*™* feedback associated
with approximately fixed high-cloud temperatures. In addition, the negative
feedback expected by the WCRP assessment from a reduction of tropical
high clouds proves to be near-neutral, as both thin (warming) and thick
(cooling) clouds decrease with warming. This near-neutral high-cloud
amount feedback is in line with recent radiative convective equilibrium
(RCE) simulations'' and observational estimates"™".

Results
Resolving high clouds at km-scale
We simulate convection explicitly at 5 km horizontal grid spacing with the
Sapphire version of the ICOsahedral Nonhydrostatic (ICON) model'*, with
parameterised turbulence”, cloud microphysics™ and interactive ozone™.
To allow for short simulation periods while including the main character-
istics of tropical convection, we use an aquaplanet setup”>* with a prescribed
zonally symmetric sea surface temperature (SST) pattern™ and no seasonal
cycle. We conduct a 3-month-long control and two warming simulations
with the same simulation period and uniform SST increases of 2 K and 4 K
(see ‘Methods’ for details). Our analysis is constrained to the tropics (20°S to
20°N). By moving to the global scale, including rotation and the diurnal cycle
of convection, we go beyond previous, more idealised cloud-resolving
model studies'***. Despite their reduced complexity, aquaplanet simulations
reproduce key features of the Earth’s atmosphere and have proven useful for
studying cloud feedbacks *°.

We define high clouds as all clouds that contain frozen condensate. To
avoid artificial separation between the frozen and the liquid phase of clouds,

we consider liquid condensate to be part of the high cloud if liquid and
frozen condensate sufficiently overlap' (section ‘Methods’).

The I frequency distribution, P(I), within the tropics from ICON
broadly agrees with satellite retrievals. For I > 107" kg m %, the ICON
simulations agree with both 2C-ICE R05”" and DARDAR v2.1.1*" that high
clouds become more frequent the thinner they are (Fig. 1b). However, deep
convective clouds with I > 1 kg m™ are approximately half as frequent in
ICON as in both 2C-ICE and DARADAR. This is a common bias of
GSRMs’, which might stem from unrealistic parameterisations of cloud
microphysics and too coarse grid spacing. Simulations with improved
parameterisations of cloud microphysics and a horizontal grid spacing of 1
km vyield a deep convective cloud amount that agrees well with
observations”. Differences between ICON and the satellite retrievals for I <
10" kg m? are significant, but should not be overinterpreted as the two
retrievals also do not agree in this domain.

The high-cloud radiative effect, C(I), calculated from the ICON
simulations exhibits the characteristic shape'"*’ of a positive net C(I) for
small T'and a negative net C(I) for high I with the sign change occurring at I =
2 - 107" kg m™* (Fig. 1a). The shape of the net C(I) is a result of the can-
cellation of the positive longwave (LW) and negative shortwave (SW)
contributions. Such a cancellation was already found in early RCE
simulations’' and was recently explained in more detail based on GSRM
simulations'’: With increasing I, the opacity of high clouds for LW radiation
increases faster than their albedo, giving rise to the positive net C(I), which
switches to negative as the albedo keeps increasing with I while the opacity
for LW radiation saturates. The surprising increase of the SW C(I) beyond I
> 7 kg m™* does not result from the high-cloud albedo, but from the diurnal
cycle of convection. Such deep convective clouds predominantly occur in
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Fig. 2 | The high-cloud feedback. a Feedback from changes in the high-cloud
radiative effect (Fc) as a function of ice water path (I) and b its sum. ¢ The SW F¢
partitioned into the feedback from changes in the amount of congestus clouds and
changes in the diurnal cycle (DC) of deep convective clouds. d Feedback from

changes in ice water path frequency (Fp) as a function of I, e its sum and f the net Fp
partitioned into the feedback from changes in high-cloud area and opacity. g Total
high-cloud feedback (F) as a function of I and h its sum. All feedback values are
tropical means.

the early morning, which decreases their SW C(I) since the incoming SW
radiation is less than for thinner clouds, which occur closer to noon (Fig. S1).

As expected™”, the total high-cloud radiative effect (C) is near-neutral.
We calculate C as

C= Z c() - P(D). (1)

For the control simulation, we get C = 3.7 W m~2, which is slightly more
positive than earlier estimates'*, due to realistic treatment of overlapping
low clouds' (see ‘Methods’). The unrealistically low amount of deep con-
vective clouds in ICON is another cause for a more positive C. Nevertheless,
the magnitude of C is still much lower than most C(I), confirming the near-
neutrality of C from a cancellation of cooling and warming high clouds.

Positive high-cloud feedback

One advantage of our I-framework is that we can analyse whether the
feedback is due to changes in C(I) or P(I). The total tropical high-cloud
feedback (F) is calculated as the change in C per unit warming;

AC AC(I) AP(I)
F=—"~nY pPI)—=2 —cua
AT, ZI: 0 AT, +21: AT, @, )
N——
Fe(D) Fp(D)

with T; being the mean surface temperature, and A the difference with
respect to the control simulation (see ‘Methods’). This linearised chain rule

separates the feedback contributions from changes in P(I) (Fp) and changes
in C(I) (Fc).

Our framework differs from other studies that use radiative kernels to
isolate cloud feedbacks'®”. Using changes in C per unit warming as a
measure of cloud feedbacks has been shown to underestimate their mag-
nitude relative to the true cloud feedback, defined as the radiative change
caused by cloud properties in isolation™. The reason behind this is that
changes in C include clear sky effects such as the change in water vapour.
However, this does not impact our conclusions, since the magnitude of our
feedback values is generally higher than previous estimates, and this dis-
crepancy is explained by the high-cloud response to surface warming
(sections ‘Fixed high-cloud temperatures” and ‘Intensification of the diurnal
cycle of deep convection’).

The LW C(I) becomes more positive and the SW C(I) becomes less
negative with surface warming (Fig. 1¢, d), producing positive feedbacks
of similar magnitude (Fig. 2a, b). While the LW AC(J) is positive at all I,
the SW AC(I) is significantly larger than 0 primarily at I > 1kg m~?,
where it reaches about five times the magnitude of its LW counterpart.
That the LW and SW contributions to F are still of similar magnitude is
a result of high values of the SW AC(I) occurring only at less frequent
high I, whereas the LW AC(I) is also significantly positive at more
frequent low I. We find that the LW AC(I) results from high-cloud
temperatures remaining approximately fixed with surface warming
(section ‘Fixed high-cloud temperatures’). The SW AC(I) results from a
decrease of congestus clouds with surface warming at I< 10" kg m™>
(Fig. S2) and from changes in the diurnal cycle of deep convective clouds
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Fig. 3 | High-cloud temperatures and their change a
in response to surface warming. a High-cloud 230 A
temperature (T},.) as a function of ice water path (I)
and b change in high-cloud temperature with
respect to the control simulation (AT,).
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at I > 107" kg m~ (section ‘Intensification of the diurnal cycle of deep
convection’).

We partition the SW F¢ into contributions from the congestus
feedback and the diurnal cycle feedback by summing up F(I) over the
respective I ranges. This reveals that the diurnal cycle feedback is more
than twice as strong as the congestus feedback (Fig. 2c). The positive
congestus feedback arises from high clouds in a warmer world being less
likely to contain high amounts of liquid condensate at I<10'kg m 2,
which decreases their average albedo. This feedback is a result of our
method for defining high clouds, which includes liquid condensate as
part of the high cloud if frozen and liquid condensate sufficiently over-
laps (see ‘Methods’). If liquid clouds are ignored, the congestus feedback
vanishes (Fig. S3). Therefore, we regard the congestus feedback as an
artefact of our method for defining high clouds and focus on the diurnal
cycle feedback in the following (section ‘Intensification of the diurnal
cycle of deep convection’).

The frequency of high clouds changes with surface warming (Fig. 1e),
but the resulting Fp is near-neutral (Fig. 2¢, d). The reason for the near-
neutral feedback is that the reduction of cooling clouds is cancelled by the
reduction of warming clouds, while the increase of the lowest I is not
radiatively relevant. Possible explanations for the change in high-cloud
frequency are changes in atmospheric stability or cloud radiative heating
(section ‘Stability iris and radiative heating’).

For comparison with previous literature™ ", we partition the net Fp
into the more commonly discussed area and the opacity feedbacks''. The
area feedback is calculated as the overall change in high-cloud fraction times
C. Since C is near-neutral, large changes in high-cloud fraction would be
required to produce a significant area feedback'’. However, the overall
change in high-cloud fraction remains below 1% K" for both warming
simulations; hence, the area feedback is near zero. The opacity feedback
arises since the change in high-cloud fraction is non-uniform across I, i.e. it
describes the feedback from a shift in the balance between cooling and
warming high clouds. The opacity feedback is near neutral for the same
reason as the net Fp: the reduction of cooling clouds is cancelled by the
reduction of warming clouds. Changes in the microphysics of high clouds in
response to surface warming can add to the opacity feedback if they affect
the opacity of high clouds. This is not the case in our simulations (Fig. S4).

The total tropical high-cloud feedback we derive is positive with
0.60 Wm 2K (+2K) and 0.42 W m 2 K™ (+4 K). This is a result of both
LW C(I) and SW C(I) becoming more positive with surface warming.

2,15-17

Within the next sections, we explain and discuss the different feedback
components.

Fixed high-cloud temperatures

The positive LW F¢ results from tropical high-cloud temperatures (T;,.)
remaining approximately fixed despite surface warming. The binned T,(I)
reveals that deep convective clouds (I > 1kg m ™) are coldest, anvils (1 kg
m > >1> 10 >kg m ) are about 30 K warmer and thin cirrus (1< 10> kg
m ) are almost as cold as the deep convective clouds (Fig. 3a). This shape of
The(I) remains remarkably fixed despite surface warming. The change in
The(I) with respect to the control simulation is below 1 K for all I (Fig 3b).
The change of the average T,.(I) weighted with P(I) per degree of surface
warming is —0.17 KK™' (42 K) and —0.06 KK ' (+4 K).

Our finding of approximately fixed high-cloud temperatures agrees
well with the fixed anvil temperature (FAT) theory", but disagrees with
most GCMs, which predict high clouds to warm at about 0.33 KK™' as
surface temperatures increase, which gave rise to the proportionately higher
anvil temperature (PHAT) theory'™'“. Within those GCM simulations,
ozone is usually prescribed to remain constant on pressure levels despite
surface warming**. It has been argued that such treatment of ozone might
cause an unrealistic warming of tropical high clouds”. We test this
hypothesis with an additional +4 K warming simulation for which we
prescribe the ozone profile from the control simulation to remain constant
on pressure levels (see ‘Methods’). We find that in this case, high-cloud
temperatures do indeed slightly increase with surface warming at 0.09 K K™
(Fig. 3). If ozone is prescribed, the ozone profile cannot rise to higher
altitudes together with the temperature profile as the surface warms,
resulting in higher ozone concentrations in the upper troposphere and
tropopause region and hence higher temperatures (Fig. S5). This finding
emphasises the importance of interactive ozone schemes and casts doubt on
the PHAT theory. However, prescribed ozone only explains about half of the
difference between the high-cloud temperature change in GCMs and our
simulations. The remaining discrepancy might be explained by differences
in the method used to diagnose Ty, or by fundamental differences between
GCMs and GSRMs.

Our estimates of the LW Fc of 033Wm?K™" (+2K) and
0.25W m 2K (+4 K) lie at the upper bound of previous estimates of the
high-cloud altitude feedback. The global mean feedback value from the
WCRP assessment can be directly compared to our tropical mean values,
since GCMs suggest that the high-cloud altitude feedback is of similar
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Fig. 4 | Radiative heating and its change in response to surface warming. a Radiative heating rate (Q) binned by temperature and ice water path (I) for the control run,
b, ¢ change in radiative heating rate (AQ) with respect to the control simulation. The contour lines depict cloud fraction.

magnitude in the tropics and the rest of the world”'"*. The WCRP feedback
estimate of 0.2 = 0.1 Wm 2K is based on their ensemble of GCM
simulations, but they also derive a feedback estimate 0f 0.35+0.2 W m > K™
from an observational study®. Our results are closer to that observational
estimate than to the one from GCMs. This is a consequence of fixed high-
cloud temperatures in our simulations, rather than the slight warming
simulated by most GCMs, which may be due to unrealistic ozone treatment.

Stability iris and radiative heating

While we do find the expected* ™ decrease of anvil clouds (1 kg m>>1 >
10 kg m™) in response to surface warming, the feedback resulting from
changes in high-cloud frequency is near-neutral. The area feedback is near-
neutral, since the total area change and the mean high-cloud radiative effect
are small, which agrees with observational estimates'*", but contradicts the
negative WCRP feedback estimate. The opacity feedback, not discussed by
the WCRP, is also near-neutral in our simulations, since clouds with
negative and positive C(I) reduce equally in frequency (Fig. 2c).

Doubts about a negative feedback from a reduction of anvil clouds are
supported by recent cloud-resolving RCE simulations, which also yield a
near-neutral area feedback, but a positive opacity feedback of
0.07 W m> K """, The shape of AP(I) from the RCE simulations resembles
our result, but the decrease in frequency mostly affects thicker clouds with a
negative C(I) in the RCE simulations, which explains their positive opacity
feedback. In contrast, the response of thin clouds with a positive C(I) to
surface warming varies substantially across models in the RCE ensemble.
The decrease of such thin clouds in response to surface warming that we find
in our simulations may therefore be model-specific, rather than a robust
discrepancy to the RCE results.

Judging from the shape of AP(I) (Fig. le), there seem to be two
counteracting mechanisms at work in our simulations that drive the change
of high-cloud frequency in response to surface warming: one that increases
thin cirrus and one that decreases anvil clouds.

The stability iris" ' is a mechanism associated with a reduction of anvil
clouds in response to warming. The physical thinking behind the stability
iris is that the horizontal divergence detraining anvil clouds from deep
convection is constrained by radiatively driven convergence in clear-sky
regions via mass balance. As atmospheric stability increases, clear-sky
convergence and hence anvil clouds are expected to decrease. We find thata

stability iris exists in our simulations as clear-sky convergence decreases
with surface warming at 0.006 day ' K" (Fig. S6). However, this decrease is
smaller than the 0.013day 'K’ found in cloud-resolving RCE
simulations” or the 0.016day 'K from GCM RCE simulations”. A
possible reason for this disagreement is that we are using all-sky radiative
fluxes in cloud-free regions to calculate radiative subsidence (see ‘Methods’),
while the above-mentioned studies use clear-sky radiative fluxes over the
entire domain, which we did not save.

We hypothesise that an increase in radiative heating in cirrus clouds
(Fig. 4) might prolong cirrus lifetimes, which would explain their increased
frequency at higher surface temperatures. Our simulations confirm basic
physical considerations* that the magnitude of radiative heating in clouds
increases with surface warming (Fig. 4). As the surface warms, clouds rise
isothermally to lower pressure and hence lower density, which increases the
magnitude of heating rates (Fig. S7). Cirrus lifetimes are prolonged by
radiative heating that causes the cloud to rise and hence keeps it in a
supersaturated environment™. As radiative heating in cirrus clouds
increases with surface warming, cirrus are lifted to colder temperatures (Fig.
3b), which should increase their lifetime.

Intensification of the diurnal cycle of deep convection

A major advancement of GSRMs is that they can simulate a realistic diurnal
cycle of deep convection, something GCMs struggle with™”’. We use the
Chalmers Cloud Ice Climatology (CCIC)** to compare the diurnal cycle of
deep convection from our aquaplanet simulations to the diurnal cycle over
oceans. We define deep convective clouds as grid cells with I > 1 kg m 2, in
agreement with earlier studies™. The aquaplanet simulations reproduce the
two peaks of deep convective clouds, but the early morning peak is more
pronounced than the afternoon peak compared to CCIC (Fig. 5). The
afternoon peak is assumed to be intensified by diurnal SST variations’"”,
which would explain why it is less pronounced in our aquaplanet simula-
tions with fixed SST.

We find that the positive SW F at I > 0.1kg m™ is due to a more
pronounced diurnal cycle of deep convection. Deep convection during
daytime reduces in response to surface warming, and so do the clouds
produced by deep convection. This is most pronounced for deep convective
clouds (Fig. 5), but also affects thick anvil clouds with 0.1kgm << 1kg
m? (Fig. S1). This means that the overall decrease of clouds produced by
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deep convection (Fig. 1e) mostly happens during the day. As clouds pro-
duced by deep convection become less frequent during the day, they receive
less solar radiation and hence reflect less, which explains their weaker
SW C().

The feedback associated with changes in the diurnal cycle of tropical
deep convection has received limited attention, even though our results
suggest that it substantially contributes to the positive tropical high-cloud
feedback. The SW F resulting from changes in the diurnal cycle of deep
convection is 0.2 Wm *K™ (+2K) and 0.1 Wm K™ (+4 K). Further
studies are necessary to test whether the diurnal cycle feedback also exists
over land. If it holds only over tropical oceans, which our simulations are
representative of, the feedback must be scaled by the ocean fraction in the
tropics (0.74), which yields 0.15W m ™K™' (+2K) and 0.074 Wm > K™
(+4K) for the tropical feedback. The non-linearity of the diurnal cycle
feedback is caused by thick anvils with 0.1 kg m™* < I < 1 kg m~* (Fig. 2a).
Those clouds reduce substantially during the day in the +2 K simulation,
while their response is more muted in +4 K simulation (Fig. S1).

Our analysis suggests that the amplification of the diurnal cycle of deep
convection results from intensified radiative heating in clouds in response to
surface warming. Radiative heating has been shown to drive the diurnal
cycle of deep convection over the ocean®**. The peak of deep convection in
the early morning hours is caused by LW cooling of high clouds commu-
nicated to the surroundings via gravity waves, which leads to a destabili-
sation of the atmosphere, favouring deep convection. During the day, SW
heating in high clouds stabilises the atmosphere and leads to a suppression
of deep convection. With radiative heating being a key driver of the diurnal
cycle of deep convection, it seems reasonable to assume that the intensified
radiative heating (Fig. 4) causes the intensified diurnal cycle of deep
convection.

It remains an open question how the presence of land might influence
changes in the diurnal cycle of deep convection. Convection over land may
respond differently to surface warming, since its diurnal cycle is strongly
controlled by SW surface heating™. In addition, land-sea contrasts that drive
local circulations may further modulate changes in the diurnal cycle of deep
convection. Nevertheless, the increasing magnitude of radiative heating is
independent of the surface type®, suggesting that the mechanism outlined
above may be universal.

The robustness of changes in the diurnal cycle of deep convection in
response to surface warming to differences in the remaining para-
meterisations in GSRMs should be tested. Tropical high clouds are known to
be sensitive to the parameterisations of cloud microphysics”* and
turbulence”. Therefore, the amplification of the diurnal cycle of deep
convection in response to surface warming that we find may depend on
those parameterisations. Since our explanation for changes in the diurnal
cycle of deep convection does not involve rotation or global scales, con-
ceptually simple and computationally cheap RCE simulations might be
sufficient to test this.

Discussion

Resolving the spectrum of high clouds, ranging from thin cirrus to thick
deep convective clouds, allows us to reassess the tropical high-cloud feed-
back. Our GSRM simulations reveal that the tropical high-cloud feedback
consists of three parts, ranging from previously known to newly identified: A
positive longwave feedback from fixed high-cloud temperatures, a near-
neutral feedback from changes in high-cloud frequency, and a positive
shortwave feedback from an intensified diurnal cycle of deep convection.

That high-cloud temperatures remain fixed despite surface warming
agrees with theory'”, but disagrees with most GCMs, which predict a slight
warming of high clouds"™'. Therefore, the resulting feedback is more
positive in our simulations than in GCMs. We find that this discrepancy is
partly due to the unrealistic treatment of ozone within GCMs.

The anticipated reduction of tropical high clouds with surface warm-
ing, thought to be driven by an increase in atmospheric stability", affects
thin (warming) and thick (cooling) clouds equally in our simulation.
Therefore, we find the feedback from changes in high-cloud frequency to be
near neutral, rather than negative, as suggested by the WCRP assessment.
Such doubts about the WCRP estimate are supported by recent RCE
simulations'' and observational estimates'>"”.

The feedback from changes in the diurnal cycle of clouds has received
limited attention, but our results suggest that it can be substantial. As the
surface warms, thick and reflective clouds produced by deep convection
occur less frequently during the day and more frequently during the night,
and hence reflect less sunlight. We hypothesise that this change in the
diurnal cycle of deep convection is driven by the increase of radiative heating
in clouds with surface warming, consistent with the strong coupling between
radiative heating in clouds and deep convection™. The broad agreement
between the diurnal cycle of deep convection from our aquaplanet simu-
lations and the observed diurnal cycle over oceans lends credibility to the
plausibility of such a feedback. Nevertheless, targeted modelling studies are
required to investigate the mechanism causing a reduction of daytime deep
convection, and observational analyses will be essential to assess whether
this feedback operates in the real climate system.

Overall, our results suggest that a positive tropical high-cloud feedback
seems more plausible than the near-neutral feedback suggested by the
WCRP assessment, which implies a higher climate sensitivity.

Methods
Aquaplanet simulations
We use version 2024.10 of ICON, which is open source and available from
GitLab. We use a vertical grid with 90 levels, which are increasingly fine-
spaced towards the surface. The SST is prescribed to follow the zonally
symmetric Qobs distribution™, with maximum temperatures at the equator
and minimum temperatures at the poles.

For the control simulation, we run 6 months of spin-up, which is
sufficient for the model to reach a stationary state (not shown). To save
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computing time, we initialise the spin-up simulations of the +2 K, the +4 K
and the 4+4 K with constant ozone simulations from the control spin-up.
This allows us to shorten their spin-up simulations to 3 months.

We use 3 months of simulation of the control, the +2 K, the +-4 K runs
for our analysis. This is sufficiently long to reach a statistically stable state for
AP(I), which we found to be the most fragile quantity in our analysis (Fig.
S$8). We only use 1 month of simulation for the +4 K run with constant
ozone. Changes in high cloud temperature are more robust, and hence
1 month is sufficient to reach a statistically stable state.

All the data that we use is instantaneous. Full 3D atmospheric profiles
are saved at 0 UTC every day, and 2D variables are saved hourly. Saving 3D
profiles once a day is sufficient since the aquaplanet is uniform along
latitudes.

Handling big data
To reduce the amount of data required for our analysis, we draw random
samples from the model output. We randomly sample 107 atmospheric
profiles from within the tropics (20°S to 20°N) for every simulation, which
proves sufficient to capture the statistics of the data (not shown). Those
samples are used for calculating C and Tj,, which require 3D profiles. For
the analysis of the stability iris and the heating rates, we interpolate a sub-
sample of 10° 3D profiles on temperature levels.

For the histograms within our analysis (Fig. 1b, e and Fig. 5), we use the
entire 2D data to achieve maximum accuracy.

High-cloud radiative effect

For the calculation of C, we define high clouds as any cloud that contains
frozen condensate. We consider liquid condensate to be part of the high
cloud if frozen and liquid condensate sufficiently overlap within the
column'®”, This avoids artificial separation of liquid and frozen clouds,
which is most obvious for deep convection, where liquid and frozen con-
densate are always part of the same cloud and cannot exist without the
other phase.

We calculate three radiative fluxes: The all-sky flux (Fyscy), which
includes all condensate, the wet-sky flux (Fiyetsky)> which only sees liquid
condensate and the clear-sky flux (Fucarsky)s Which does not see any
condensate.

We calculate C as the difference in the net radiative flux with and
without the high cloud at the top of the atmosphere :

C= Fallsky - Fnohcld’ (3)

where the flux without the high cloud (F,,onaq) either includes liquid con-
densate or not, depending on whether the liquid phase is part of the high
cloud:

ifc=1,

ifc=0. @)

wetsky s

F _ F clearsky
nohcld F

Here, ¢ represents the connectedness of the liquid and frozen cloud con-
densate within the column, with a value of 1 indicating that the two are
connected and 0 otherwise.

We determine whether liquid condensate (g;) and frozen condensate
(qp) are connected, based on the gap between their respective maxima. To
this end, we calculate the height (z) of the maximum frozen and liquid
condensate for every column:

2 = Zlmax(ql)7 (5)

2 = Zlmax(q)- (6)

If we can find a grid cell between z; and z where both liquid and frozen
condensate are less than 5% times a tuning factor of their maximum, we

consider both phases to be unconnected:

7 7
= { 0, Jze(z,2]:(q<0.05- (%) - max(q;)) A (g; <0.05 - (%) - max(g;)),
1, Else,

@)

where z is the average difference between z and z of the respective
simulation and z,,, is the average of zj over all three simulations. The SW F¢
is the only feedback component that is sensitive to the threshold chosen to
decide whether frozen and liquid clouds are connected (Fig. S9). Since the
sign of the SW F is robust, this does not affect our conclusions.

The tuning factor (2= ) is necessary because clouds extend further up
with warming. This means there will be a higher chance of finding a grid box
with less than the fraction of condensate required for ¢ = 1, which increases
the fraction of unconnected liquid clouds with warming (Fig. $10). More
liquid cloud below the high clouds would decrease the SW C(I) and hence
create a SW feedback'’. We consider such a feedback to be artificial, since the
mean liquid cloud fraction does not increase with warming (Fig. S10). To
avoid such an artificial feedback, we keep the liquid cloud fraction constant
at each I by using the tuning factor.

Introducing the Fyyetsky as an additional diagnostic variable in ICON is
necessary to properly distinguish high, frozen clouds from low, liquid
clouds. This mainly becomes important for anvil and cirrus clouds, which
are independent of the lower liquid clouds. If Fyey is not available, an
alternative approach can be to disregarding gridcells with overlapping high
and low clouds for low I''. However, this leads to an underestimation of C(I)
for those clouds".

The I frequency distribution P(I) used to calculate the total high-cloud
radiative effect C (Eq. (1)) should be interpreted as the I-resolved high-cloud
fraction. That means C is the average high-cloud radiative effect across the
tropics, including areas without high clouds.

Feedback partitioning
The complete equation for the partitioning of the total high-cloud feedback,
F, also includes a non-linear term:

AC AP(I) AC(I) AP(I) AC(T)
F = = —C(I P .
AT, ZI ar, < )’LZI D4, +ZI AT, AT, (8)
Fp(D) Fe(I) non—linear

We neglect this non-linear term, since it is one order of magnitude smaller
than both linear terms. Both C(I) and P(I) are taken from the control
simulation.

High-cloud temperature
We calculate T, as

Thc = min(Tlmaxqiv Tb)> (9)

with T, being the temperature at maximum cloud ice () concentra-
tion, and Ty, being brightness temperature. This formulation of T}, has the
advantage that it captures thin high-clouds which are semi-transparent to
LW radiation and can hence be applied to clouds with any I'".

Stability iris analysis

The physical thinking behind the stability iris is that the horizontal diver-
gence (V}, Vqq), which detrains anvil clouds from deep convection, is con-
strained by horizontal convergence in clear-sky regions (—V}, Vgea,) via
mass balance'. This convergence is a result of the clear-sky subsidence
profile (wear)> which balances the radiative cooling (Q):

) 0
Vi Vad = = Vi Vdear = Ddear ——%

clear ) p) ’ ( 1 O)

z z
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where § is static stability and z is height. We neglect latent heating in line
with earlier studies*"*.
We calculate Q as:

1 dF
Q=—",
pe, dz

(11)
where p is air density, ¢, specific heat capacity of air and F the radiative flux.

The static stability (S) is calculated as the difference between the dry
lapse rate and the lapse rate:

dr
S=r,-r=%_°",
¢ dz

(12)

where g is the gravitational constant.

Most previous studies analysing the stability iris use 3D clear-sky
radiative fluxes'"*”, whereas we only store 3D all-sky radiative fluxes due to
disk storage constraints. Therefore, we define clear-sky profiles as profiles
with 1< 107* kg m 2, where C(I) becomes sufficiently small (Fig. 1a). Our key
findings do not rely on this threshold.

From the mean clear-sky profiles of Q and S, we calculate wjeqr:

Wear = — % . (13)

The clear-sky convergence is then calculated as the vertical derivative of w
(Eq. (10)). To disregard the noise in the clear-sky convergence profile, we use
a third-order Savitzky-Golay filter to smooth w before calculating the
derivative.

Data availability

The DARDAR data is available from https://www.icare.univ-lille.fr/dardar/
399data-access/data-access/ and 2C-ICE data from https://cloudsat.cira.
colostate.edu/data-products/2c-ice. The data to reproduce the figures and
numbers from this paper is available from https://doi.org/10.5281/zenodo.
17472593,

Code availability
The code to reproduce the figures and numbers from this paper is available
from https://doi.org/10.5281/zenodo.17472875%.
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