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Key Points:

« We create a method that accurately diagnoses the radiative heating of high-level
clouds by removing artificial cloud boundaries.

e The radiative interactions of high-level clouds strengthen the eddy-driven jet stream.

e They reduce precipitation in the tropics and lower midlatitudes, but have no sub-
stantial effect on the tropical circulation.
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Abstract

The interactions of clouds with radiation influence climate. Many of these impacts ap-
pear to be related to the radiative heating and cooling from high-level clouds in the up-
per troposphere, but few studies have explicitly tested this. Here, we use simulations with
the ICON-ESM global atmosphere model to understand how high-level clouds through
their radiative heating and cooling of the atmosphere, influence the large-scale atmospheric
circulation and precipitation in the present-day climate. We introduce a new method to
diagnose the radiative heating of high-level clouds: we use a temperature threshold of
-35°C to define high-level clouds and also include the lower parts of these clouds at warmer
temperatures. The inclusion of the lower cloud parts circumvents the creation of arti-

ficial cloud boundaries and strong artificial radiative heating at the temperature thresh-
old. To isolate the impact of high-level clouds, we analyze simulations with active cloud-
radiative heating, with the radiative heating from high-level clouds set to zero, and with
the radiative heating from all clouds set to zero. We show that the radiative interactions
of high-level clouds warm the troposphere and strengthen the eddy-driven jet streams,

but have no impact on the strength of the Hadley circulation and the latitude of the In-
tertropical Convergence Zone. Consistent with their positive radiative heating and en-
ergetic arguments, high-level clouds reduce precipitation throughout the tropics and lower
midlatitudes. Overall, our results confirm that the radiative interactions of high-level clouds
have important impacts on climate and highlight the need for better representing their
radiative interactions in models.

Plain Language Summary

The interactions of clouds with electromagnetic radiation shape the climate of our
planet by causing heating and cooling within the atmosphere. Here, we use a computer
model of the atmosphere to investigate how high-level clouds interact with radiation and
thereby influence climate. We find that the interactions of high-level clouds with radi-
ation strengthen the winds in the midlatitudes and reduce rainfall in many regions. This
confirms that high-level clouds are important for our climate, and highlights the need
to improve their representation in our models of the atmosphere and climate.

1 Introduction

The interactions of clouds with radiation are crucial for shaping the present and
future climate of Earth (Y. Li et al., 2015; Voigt & Shaw, 2016; Voigt et al., 2021). In
this work, we focus specifically on high-level clouds and study their impact on the present-
day climate.

High-level clouds are distinct from other clouds. Their impact on Earth’s energy
budget is small because their warming effect by absorbing outgoing longwave radiation
from lower parts of the atmosphere (Hong et al., 2016; Matus & L’Ecuyer, 2017) is nearly
offset by their cooling effect due to the reflection of solar radiation (L’Ecuyer et al., 2019).
Inside the atmosphere, the radiative interactions of high-level clouds have a warming ef-
fect that is strongest in tropical regions. This is different from low-level clouds, whose
radiative interactions cool the atmosphere as well as the climate system as a whole. High-
level clouds form predominantly in the tropics as a result of deep convection, in the storm
track regions because of synoptic ascent and due to orographic forcing (Wernli et al., 2016;
Gryspeerdt et al., 2018; Kramer et al., 2020). Therefore, their radiative interactions lead
to distinct patterns of diabatic heating and cooling within the atmosphere that can in-
fluence atmospheric circulations (Dinh et al., 2023).

High-level clouds pose substantial challenges to models. The ice formation mech-
anisms and dynamical processes that generate high-level clouds are not completely un-
derstood and not well represented by the microphysical parameterizations in current global
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climate models (Kércher, 2017; Heymsfield et al., 2017; Morrison et al., 2020). Their in-
teraction with radiation is complicated due to temperature- and process-dependent ice
crystal shapes and their complexity (Lawson et al., 2019; Jarvinen et al., 2023). As a re-
sult, simulated high-level clouds differ substantially between models as well as between
models and observations (Lauer et al., 2023). Recently, Voigt et al. (2023) highlighted
model differences in cloud-radiative heating in the upper troposphere, extending the find-
ings of Voigt et al. (2019); Cesana et al. (2019) and Johansson et al. (2021).

Previous work studied the impact of cloud-radiative interactions on the present-
day circulation and precipitation by means of the Clouds On-Off Klimate Model Inter-
comparison Experiment approach (COOKIE; Stevens et al., 2012; Harrop et al., 2023)
that compares simulations with and without active cloud-radiative heating. Using this
approach it was shown that cloud-radiative interactions reduce tropical precipitation (Y. Li
et al., 2015; Harrop & Hartmann, 2016; Albern et al., 2018), narrow the Intertropical
Convergence Zone (ITCZ) (Harrop & Hartmann, 2016; Watt-Meyer & Frierson, 2017;
Albern et al., 2018; Dixit et al., 2018), strengthen the Hadley cell (Harrop & Hartmann,
2016; Watt-Meyer & Frierson, 2017; Albern et al., 2018), increase the strength of the eddy-
driven jet stream (Y. Li et al., 2015), and impact the intensity of tropical cyclones (Ruppert
et al., 2020) and the life cycle of tropical anvil clouds (Hartmann et al., 2018; Gasparini
et al., 2022). While some of these studies have pointed to an important role of high-level
clouds, few attempts have been made to quantify the impact of high-level clouds.

Since high-level clouds are distinct from other clouds and current climate models
have difficulties in representing them, we aim to assess their role for the present-day cli-
mate through adapted COOKIE simulations. Our work builds on Lohmann and Roeck-
ner (1995) and Dixit et al. (2018). Lohmann and Roeckner (1995) used a fixed pressure
threshold to study the impact of the interactions of high-level clouds with longwave ra-
diation. Dixit et al. (2018) investigated the radiative impact of high-level clouds on the
ITCZ width in aquaplanet simulations. Here, we perform simulations with realistic bound-
ary conditions and study both the longwave and shortwave impacts.

We address two research questions:

1. How should high-level clouds be defined to study their cloud-radiative heating?
2. What is the radiative impact of high-level clouds on the present-day climate in
terms of atmospheric temperature, circulation and precipitation?

2 Methodology
2.1 ICON-ESM Atmosphere Model and Simulation Setup

We use ICON-ESM (ICOsahedral Non-hydrostatic-Earth System Model) version
1.0 as described by Jungclaus et al. (2022). ICON-ESM is based on the unified ICON
modeling framework for weather and climate, and is designed for the study of the past,
present, and future climates of Earth. We perform our model simulations with a hor-
izontal grid resolution of R2B04, which corresponds to about 160 km, and 47 atmospheric
levels. The model is coupled to the radiation scheme PSrad (Pincus & Stevens, 2013),
the convective parameterization based on Tiedtke (1989), a 1-moment cloud microphysics
scheme (Lohmann & Roeckner, 1996), and the cloud cover scheme by Sundqvist et al.
(1989). The model time step is 15 minutes, except for the radiation scheme, which uses
a time step of 90 minutes.

We perform ICON-ESM simulations with prescribed monthly-mean sea-surface tem-
peratures and sea ice cover. This allows us to focus on the cloud-radiative heating within
the atmosphere. The simulations are run for 31 years; we discard the first year from the
analysis to exclude the spin up effects. Our simulation setup is similar to the AMIP pro-
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tocol, except for the fact that sea surface temperatures and sea ice cover are prescribed
to their climatological averages from the years 1979 to 2008.

2.2 Cloud-radiative Effect and Cloud-radiative Heating

The cloud-radiative effect (CRE) quantifies the influence of clouds on the radia-
tive fluxes at the top of atmosphere (TOA) and the surface (SFC). As such, CRE are
helpful to understand the contribution of cloud-radiative interactions to the energy bal-
ance of the Earth and the surface, respectively. CRE is defined as the difference between
all-sky and clear-sky radiative fluxes F":

CRE = Fall—sky _ Fclear—sky7 (1)

where F is defined as positive downward. The unit of CRE is W/m?. Positive values mean
a radiative heating, while negative values mean a radiative cooling. The difference be-
tween the CRE at the TOA and SFC is the cloud-radiative effect within the atmosphere
(ATM):

CREaTM = CRET0A — CREgRC. (2)
CREaTM is the vertical integral of the energy gained or lost by an atmospheric column
due to cloud-radiative interactions.

We define the CRE of high-level clouds as the difference between the all-sky radia-
tive fluxes and the radiative fluxes that would occur if high-level clouds did not inter-
act with radiation:
highCRE = F!!=skv — pro=hlc, (3)
The superscript no—hlc indicates transparent high-level clouds. The definition is equally

valid at the TOA, SFC and within the atmosphere. We discuss the definition of high-
level clouds and the technical implementation in Section 3.

To characterize the vertical structure of cloud-radiative interactions within the at-
mosphere, we use the cloud-radiative heating:
OT |all—sky OT |clear—sky g a(Fa”*Sky _ FCleaT*Sky)

CRH = E rad B E rad _TCP 8p ’ (4)

where %—ﬂ?ﬁf; kY is the all-sky radiative heating rate, %—fﬂgg k¥ is the clear-sky heat-

ing rate, g is the gravitational acceleration, ¢, is the specific heat capacity of moist air
at constant pressure and p is the pressure. Different to Eq. 1, the radiative fluxes F' are
a function of pressure and so are not only at the TOA and SFC but all altitudes.

Analogously to highCRE, we define the cloud-radiative heating from high-level clouds

as:
OT (all—sky OT |no—hlc g a(Fall—sky _ Fno—hlc)
highCRH = — - — =—-= . 5
‘& Ot lrad Ot lrad Cp 8;0 ( )

Our assessment of the radiative effects of high-level clouds uses the all-sky atmo-
sphere as reference. One could also choose the clear-sky atmosphere as a reference and
use the difference in radiative fluxes between an atmosphere in which only high-level clouds
interact with radiation and a clear-sky atmosphere. Haslehner (2023) showed that the
overall results are independent of this choice. In our view the all-sky reference is phys-
ically more meaningful: the all-sky atmosphere is a state that is actually realized by the
model, whereas the clear-sky atmosphere is a hypothetical state that the model never
attains.

2.3 Simulations with Transparent Clouds: COOKIE and highCOOKIE

We follow the method of the Clouds On-Off Klimate Model Intercomparison Ex-
periment (COOKIE; Stevens et al., 2012) to study the cloud-radiative impact on the present-
day climate. In the COOKIE framework, a simulation with active CRH, called the “clouds
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on” simulation, is compared with a simulation in which all clouds are made transpar-
ent to radiation, the “clouds off” simulation. Clouds are made transparent by setting
cloud fraction as well as cloud liquid and ice mass to zero for the radiation calculation.
In the “clouds off” simulation, clouds are still simulated and can generate latent heat-
ing and precipitation. COOKIE is useful to understand how cloud-radiation interactions
impact the present-day climate (Voigt & Albern, 2019).

To specifically study the impact of high-level clouds, we extend the COOKIE method
and conduct a third “high-level clouds off” simulation in which only high-level clouds
are made transparent to radiation.

In the following, COOKIE means the difference between the “clouds on” and “clouds
off” simulations, and highCOOKIE means the difference between the “clouds on” and
“high-level clouds off” simulations.

3 Definition of High-Level Clouds

We begin with the problem of how to define high-level clouds. Previous studies have
defined high-level clouds based on threshold values for pressure or temperature (Lohmann
& Roeckner, 1995; Dixit et al., 2018). However, as we will show, this creates artifacts
in cloud-radiative heating, because of which we propose an alternative definition.

A simple definition of high-level clouds considers all clouds that are colder than a
certain temperature or pressure threshold. In ICON-ESM, only ice clouds can exist at
temperatures below -35°C, while at higher temperatures cloud liquid water is possible
(Lohmann & Roeckner, 1996). Therefore, the appropriate temperature threshold is -35°C;
the same threshold was used in Gasparini et al. (2017) and Gasparini et al. (2020). This
definition of high-level clouds works well when the cloud base is colder than -35°C. Yet,
it causes problems when parts of a cloud extend further below to warmer regions of the
atmosphere. In this case, only the upper colder parts of the cloud are considered as high-
level clouds, while the warmer lower parts are considered as non-high-level clouds. The
result is a temperature-based artificial “slicing” of the cloud into two parts. The pur-
ple line in Fig. 1 illustrates this simple definition.

The “cloud slicing” results in strong heating rates in the vicinity of the temper-
ature threshold, as is illustrated in Fig.2. The heating rates occur because the slicing
creates cloud tops and hence strong longwave emission at the temperature threshold. The
heating rates around the temperature threshold are artificial and bear no resemblance
to the actual CRH, which will be discussed later and is shown in Fig. 5. The artificial
heating also occurs when clouds are separated based on a pressure threshold, as shown
in the appendix of Voigt and Shaw (2016).

We therefore propose an alternative definition for high-level clouds. At each time
step of the radiation scheme, we consider all clouds colder than -35°C as high-level clouds
and additionally include those clouds that exist at warmer temperatures and are verti-
cally connected to clouds colder than -35°C. This is illustrated by the blue line in Fig. 1.
In this way, no artificial cloud tops and no artificial heating rates are created. Section
4.2 discusses the high-level cloud-radiative heating following this definition.

Fig. 3 shows the climatological distribution of high-level clouds in ICON-ESM. High-
level clouds occur throughout the tropics and the mid and high latitudes, and are less
pronounced in the subtropics. The most high-level clouds occur over Antarctica. In the
Southern Hemisphere high-level clouds extend well into the stratosphere. The two def-
initions of high-level clouds differ in the mixed-phase cloud regime, since the cloud parts
at temperatures warmer than the -35°C threshold are included in our adapted definition
but not in the simple definition. Most of these warmer cloud parts are located in the re-
gions of tropical deep convection and the midlatitude storm tracks. Our definition clas-
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Figure 2. Zonal-mean annual-mean radiative heating by high-level clouds for the simple
definition of high-level clouds with a purely temperature based criterion for net, shortwave and
longwave radiation. Purple lines show the -35°C and 0°C isotherms. The green line depicts the

thermal tropopause.

sifies also lower parts of towering deep convective cumulus, with cloud bases at temper-
atures substantially higher than 0°C clouds as high-level clouds. However, this does not
happen often, as seen by the low fraction of high-level clouds in the lower troposphere
in Fig.3b.

We note that the large artificial heating at the temperature threshold (Fig.2) would
also be avoided by only considering clouds with a cloud base at temperatures below -
35°. However, such clouds are very thin and do not substantially impact the radiative
budget in ICON-ESM. We therefore do not use such a definition.

4 Radiative Effects and Radiative Heating of High-Level Clouds

This section assesses the contribution of high-level clouds to radiative effects and
radiative heating. To this end, we analyse the “clouds on” simulation and use the diag-
nostics described in Sects. 2.
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Figure 3. Zonal-mean annual-mean high-level cloud fraction for the two definitions of high-
level clouds. Panel a shows the simple definition, panel b the definition used in the manuscript,
and panel c the difference. Purple lines show the -35°C and 0°C isotherms. The green line depicts

the tropopause.

4.1 Radiative effects at TOA, SFC and ATM

The impact of cloud-radiative interactions on the energy budget at the TOA, the
surface and inside the atmosphere can be characterized by CRE. The net CRE from all
clouds is shown in the left row of Fig. 4, the CRE from high-level clouds is shown in the
other rows of the figure for net, shortwave and longwave radiation.

At the TOA, the net CRE is negative in the global mean and in most regions, con-
sistent with observations from CERES EBAF (Loeb et al., 2018). Strong negative val-
ues occur over the mid-latitude oceans and the cold upwelling regions of the subtrop-
ical oceans as a result of extensive low-level clouds (Fig.4a). In contrast, the net high-
CRE from high-level clouds is weak and mostly positive at the TOA (Fig.4b). The net
highCRE is near neutral because of the compensation between strong negative shortwave
and positive longwave effects (Fig.4 ¢ and d), whose spatial patterns reflect the distri-
bution of high-level clouds.

At the surface, the net CRE is negative except at high latitudes (Fig.4e), consis-
tent with observations from CERES EBAF-SFC (Kato et al., 2018; Voigt et al., 2021).
The net highCRE from high-level clouds follows the same spatial pattern as net CRE
from all clouds (Fig. 4f), yet with a weaker magnitude. High-level clouds cool the sur-
face (Fig.4g) due to their shortwave effect that dominates the net highCRE. In the long-
wave, high-level clouds slightly warm the surface (Fig.4h).

Inside the atmosphere, the net CRE is positive at low latitudes and negative at high
latitudes (Fig.4). The meridional CRE contrast reflects the meridional contrast in high-
and low-level clouds (Voigt et al., 2021). Consistent with this, the net highCRE from
high-level clouds is strongly positive in the tropics and near zero in high latitudes. The
net highCRE is dominated by the longwave effect, with the shortwave effect contribut-
ing little (Fig.4k and 1). Over the ice sheets of Greenland and Antarctica, the longwave
highCRE is slightly negative.

Previous work estimated CRE of different cloud types from satellite measurements
(Hong et al., 2016; Matus & L’Ecuyer, 2017; Oreopoulos et al., 2017). These studies de-
fined cloud types in different ways and in ways that are different from our definition of
high-level clouds. Nevertheless, the patterns of highCREs simulated by ICON-ESM over-
all agree with the CRE estimates for ice clouds by Hong et al. (2016) and Matus and L’Ecuyer
(2017). Moreover, the global averages of simulated highCRE are consistent with Oreopoulos
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et al. (2017), although ICON-ESM exhibits somewhat smaller values compared to the
observations.

4.2 Radiative Heating of High-Level Clouds

Clouds create radiative heating inside the atmosphere that varies in the vertical
dimension. The vertical variations are not captured by the CRE inside the atmosphere,
because of which we now consider the cloud-radiative heating CRH. To assess how well
ICON-ESM captures the zonal-mean time-mean CRH, we compare the CRH from all
clouds with the RelD1 product of CERES-CALIPSO-CloudSat-MODIS (CCCM) (Kato
et al., 2021). We use the CCCM estimate for CRH obtained from daytime radiative fluxes
for the period of 2007 to 2010 (Ham et al., 2017). Fig.5 shows the CRH from CCCM
as well as from all clouds and high-level clouds in ICON-ESM.

The net CRH from CCCM is strongest in the tropical upper troposphere and near
the surface (Fig.5a). Strong heating occurs in the tropical upper troposphere as a re-
sult of high-level clouds; strong cooling occurs in the lower troposphere near the top of
low-level clouds. The shortwave CRH is largest in the tropical upper troposphere (Fig.5b).
Longwave CRH also shows a strong heating in the tropical upper troposphere (Fig.5c).
and is the main contributor to the net CRH in the mid- to lower troposphere.

Compared to CCCM, the net CRH of ICON-ESM (Fig.5d) is less pronounced near
the surface since ICON-ESM lacks low-level clouds (Jungclaus et al., 2022). The net CRH
is also weaker compared to CCCM in the tropical upper troposphere. This underesti-
mation does not result from a lack of high-level tropical clouds (Fig. 3; Jungclaus et al.,
2022). Instead tropical cloud ice is overestimated at temperatures around -35°C com-
pared to observations (Fig. 6; Lauer et al., 2023), leading to optically thick high-level clouds
and hence longwave cooling instead of heating. The cause of this overestimation of cloud
ice might be that high-level clouds in ICON-ESM are at too low altitudes. In the mid-
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and (b) in ICON-ESM. The green line depicts the tropopause. The observational data is taken
from J.-L. F. Li et al. (2012).

latitudes, net CRH in the upper troposphere is somewhat stronger in I[CON-ESM than
in CCCM.

The upper-tropospheric CRH of all clouds is well captured by the highCRH from
high-level clouds (Fig. 5, middle and lower rows). At temperatures above -35°C, i.e., in
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the mid- to lower troposphere, the net highCRH is positive everywhere. This is differ-
ent from the net CRH of all clouds because only the cloud bases of high-level clouds are
taken into account and low clouds are not considered. This means that the highCRH ef-
fectively removes the radiative heating of low-level clouds. The bases of high-level clouds
are not concentrated at the -35°C temperature threshold, as opposed to the simple def-
inition of high-level clouds. This eliminates the artificial heating at -35°C that occurs
for the simple definition (Fig.2) and shows that upper-tropospheric CRH is best stud-

ied by using the definition of high-level clouds that includes the lower cloud parts at warmer

temperatures.

ICON-ESM has a much weaker CRH in the tropical upper troposphere compared
to the observational estimate by CCCM and other CMIP6 models (Voigt et al., 2023).
Therefore, the radiative impacts of high-level clouds on the circulation and precipitation
that are examined in the following section should be considered as a lower bound of their
effect in the real atmosphere.

5 The Impacts of Radiative Heating of High-Level Clouds on Climate

The previous section diagnosed the radiative interactions of high-level clouds in the
present-day climate as simulated by ICON-ESM. In this section, we study how the ra-
diative interactions of high-level clouds affect climate in terms of temperatures, circu-
lation and precipitation, and how these impacts compare to the radiative impacts of all
clouds. To this end, we make use of the “clouds on”, “clouds off” and “high-level clouds
oftf” simulations. Throughout the section, COOKIE means “clouds on” - “clouds off”,
and highCOOKIE means “clouds on” - “high-level clouds off”.

5.1 Surface and Atmospheric Temperature Change

When clouds are made transparent to radiation in AMIP-style simulations with pre-
scribed sea-surface temperatures, the temperature of the land and sea-ice surface can still
change. For both COOKIE and highCOOKIE, surface temperatures change by more than
1K over many land regions in the annual mean (Fig. 7). Ideally, one would want to elim-
inate such surface temperature changes as they might mask some mechanisms through
which the cloud-radiative heating of the atmosphere affects climate (Webb et al., 2017;
Harrop et al., 2023). In highCOOKIE, the surface temperature changes are smaller than
in COOKIE in most regions as well as in the global mean. Moreover, they have the same
sign in highCOOKIE in all regions, while COOKIE shows substantial land cooling in the
midlatitudes of the Northern Hemisphere and warming in many other regions. Overall,
highCOOKIE is therefore less affected by surface temperature changes than COOKIE.

The cloud-radiative impact on tropospheric temperatures in highCOOKIE and COOKIE

closely mimics the spatial pattern of highCRH and CRH, respectively (Fig.8), and shows
little seasonal variability. The warming of the tropical upper troposphere is very sim-
ilar in highCOOKIE and COOKIE, showing that high-level clouds dominate the tem-
perature impact in this region. The entire troposphere warms in highCOOKIE, consis-
tent with Lohmann and Roeckner (1995). In COOKIE, the northern mid and high lat-
itudes experience a cooling that is strongest in boreal summer. This is different to the
simulations of Y. Li et al. (2015) with the IPSL-CM5A-LR model, which showed no tro-
pospheric cooling. In fact, the temperature impact in the COOKIE simulations of Y. Li
et al. (2015) is similar to our highCOOKIE simulations, suggesting that high-level clouds
dominate the overall cloud impact in their IPSL-CM5A-LR simulations.

Stratospheric temperatures decrease in the tropics and the Southern Hemisphere
mid-latitudes in both highCOOKIE and COOKIE. This is consistent with clouds reduc-
ing the upwelling longwave radiation (Harrop & Hartmann, 2016), with possible further
contributions from stratospheric circulation changes (Y. Li et al., 2015; Harrop & Hart-
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Figure 7. The impact of cloud-radiative interactions on annual-mean surface temperatures for
(a) all clouds diagnosed by COOKIE and (b) high-level clouds diagnosed by highCOOKIE. The
global mean root mean square for surface temperature changes is given in the upper right of each
panel. The stippling indicates statistically significant changes according to the Student’s t-test
using the false discovery rate method at a 10% level following Wilks (2016).

mann, 2016). Over the high latitudes in the Northern Hemisphere, stratospheric tem-
peratures increase in highCOOKIE and decrease in COOKIE. The overall stratospheric
cooling in highCOOKIE and COOKIE agrees with Lohmann and Roeckner (1995); Y. Li
et al. (2015) and Harrop and Hartmann (2016), apart from the high latitude warming

in the Northern Hemisphere in highCOOKIE.

5.2 Zonal Wind Change in the Extratropics

We now study changes in the zonal winds and eddy-driven jets caused by cloud-
radiation interactions. These changes are related to the changes in atmospheric temper-
ature through the thermal wind balance. For each hemisphere, we determine the posi-
tion of the eddy-driven jet as the latitude of the maximum zonal-mean zonal wind speed
at 700 hPa. To account for effects of the model grid, we use a quadratic fit following Barnes
and Polvani (2013). We calculate the strength of the eddy-driven jet from the zonal-mean
zonal wind at the jet position. The wind changes are shown in Fig. 9; the changes in the
jet metrics are listed in Tab. 1.

Cloud-radiative interactions have a clear impact on the jet strength. In COOKIE,
the midlatitude zonal wind and the jet strength decrease in the Southern Hemisphere
but increase in the Northern Hemisphere in the annual mean. The annual-mean signal
is dominated by the change in the respective summer season, i.e., DJF for the South-
ern Hemisphere and JJA for the Northern Hemisphere.

Whereas the wind impact from all clouds differs between the hemispheres, the im-
pact of high-level clouds is almost symmetric with respect to the equator. In highCOOKIE,
the midlatitude zonal wind and the eddy-driven jet strengthen in both hemispheres, with
little seasonal variation. While we do not pursue a detailed dynamical investigation here,
the impact of high-level clouds is consistent with an increase of the meridional temper-
ature gradient in the upper troposphere that follows from the high-level cloud radiative
heating (Voigt & Shaw, 2016; Butler et al., 2010). The overall increase in the zonal wind
in highCOOKIE is consistent with Lohmann and Roeckner (1995). Moreover, the high-
COOKIE results are more similar to Y. Li et al. (2015) than the COOKIE results.

The jet position is affected less by cloud-radiative interactions. In the annual mean,
cloud-radiative interactions do not lead to statistically significant jet shifts for neither
COOKIE nor highCOOKIE. A poleward shift of the Northern Hemisphere jet occurs dur-
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Figure 8. Annual-mean zonal-mean atmospheric temperature changes due to the radiative
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The gray shading indicates statistically insignificant results according to a Student’s t-test using
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ing JJA in COOKIE and highCOOKIE, consistent with a stronger meridional temper-
ature gradient (Fig.8b and e). An equatorward shift occurs for the Southern Hemisphere
jet during DJF in COOKIE (Tab. 1). Overall, however, the cloud-radiative impact on
the jet position is small for both highCOOKIE and COOKIE. The small impact is likely
a consequence of the opposing effects of tropical and extratropical CRH that were iden-
tified by Watt-Meyer and Frierson (2017), and is not surprising given that Voigt et al.
(2021) found no robust jet shifts in COOKIE simulations with 5 models.

jet strength in ms™  jet position in deg lat
annual JJA DJF annual JJA DJF

NH COOKIE 0.8 1.4 0.4 0.6 4.0 -1.2
SH COOKIE -1.3 -0.8 -1.6 0.0 1.0 -1.3
NH highCOOKIE 0.6 0.7 0.7 0.7 1.8 0.1
SH highCOOKIE 0.9 1.4 0.5 0.0 14 0.0
Table 1. Changes in the jet strength and position due the radiative interactions of all clouds
and high-level clouds as diagnosed by COOKIE and highCOOKIE. For the jet shift, positive val-

ues indicate a poleward shift in both hemispheres, negative values indicate an equatorward shift.

Statistically significant changes according to a Student’s t-test with a significance level of 5% are

shown in bold.

5.3 Tropical Precipitation and Circulation Change

In the tropics, radiative cooling of the atmosphere is primarily balanced by con-
densational heating. Radiative heating of the tropical upper troposphere by high-level
clouds reduces the need for condensational heating and hence is expected to decrease pre-
cipitation (Y. Li et al., 2015; Albern et al., 2018). Tropical precipitation is reduced in
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Figure 9. Zonal-mean zonal wind changes due to cloud-radiative interactions of all clouds
(COOKIE, first row) and high-level clouds (highCOOKIE, second row). The gray shading in-
dicates statistically insignificant results according to a Student’s t-test using the false discovery
rate method at a 10% level following Wilks (2016). Blue contour lines show the zonal wind in
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simulation.

COOKIE (Fig. 10 and Tab. 2), consistent with previous work (Y. Li et al., 2015; Har-

rop & Hartmann, 2016; Albern et al., 2018). The precipitation reduction is even stronger
in highCOOKIE. This confirms that high-level clouds dominate the cloud-radiative im-
pact on tropical precipitation, although one should note that this result might be affected
by the underestimation of subtropical and tropical low-level clouds in ICON-ESM (Fig. 3).

The reduction in precipitation due to high-level clouds in the tropics and lower mid-
latitudes (i.e., equatorward of 50 °N/S) can be understood from the atmospheric energy
budget. Neglecting changes in circulation and sensible surface heat fluxes, the precip-
itation change dP can be predicted by following Pendergrass and Hartmann (2014) as:

hishCRE
dp:_M7 (6)

where L is the latent heat of condensation and highCRE Ty is the decrease in the at-
mospheric radiative cooling due to high-level clouds. Since high-level clouds warm the
atmosphere, Eq. 6 predicts a decrease in precipitation at all latitudes apart from Antarc-
tica. The prediction agrees well with the simulated precipitation reduction in highCOOKIE
in the subtropics of the Southern Hemisphere. It also captures the general precipitation
reduction equatorward of 50 °N/S, although it overestimates the reduction because changes
in the surface sensible heat flux and the circulation are neglected.

While the radiative heating from high-level clouds has a clear impact on the amount
of tropical precipitation, the tropical circulation is not affected. We quantify this impact
through the ITCZ latitude, which we calculate from the latitude centroid of zonal-mean
annual-mean precipitation between 20°N/S following Harrop et al. (2018), and the Hadley
cell strength, which we define as the maximum of the absolute of the mass stream func-
tion between 700 hPa to 200 hPa and between the Equator and 30°N/S for the North-
ern and Southern Hemisphere, respectively. Tab. 2 lists the changes in the ITCZ posi-
tion and Hadley strength in COOKIE and highCOOKIE. The ITCZ shifts northward
in COOKIE, consistent with Voigt et al. (2021). However, high-level clouds do not cause
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Figure 10. Changes in annual-mean zonal-mean precipitation due to the radiative interac-
tions of all clouds (yellow) and high-level clouds (green) as diagnosed by COOKIE and high-
COOKIE, respectively. The shading shows the annual standard deviation of zonal-mean precip-
itation in the “clouds on” simulation. The dashed black line shows the precipitation decrease

predicted by Eq. 6.

statistically significant changes in the ITCZ position and Hadley cell strength in high-
COOKIE. This is in contrast with Lohmann and Roeckner (1995), who found a stronger
Hadley cell when high-level clouds are interacting with longwave radiation.

P, P, ITCZ position HCyg HCgsy

COOKIE -0.33 -0.12 0.5 -1 9
highCOOKIE -0.38 -0.23 0.3 -0 4

Table 2. Changes in annual-mean tropical precipitation and circulation due the radiative in-
teractions of all clouds and high-level clouds as diagnosed by COOKIE and highCOOKIE. The

change in tropical-mean precipitation P; is given in mm/day; the change in global-mean precip-

itation Py is also given. The tropics are defined as the latitudes between 30°N/S. The change in
the ITCZ latitude is given in units of °N. The change in the Hadley cell strength HC' is given in
10° kg/s. Statistically significant results according to a Student’s t-test with a significance level

of 5% are shown in bold.

6 Conclusions

In this manuscript, we present a thorough assessment of how high-level clouds af-
fect climate via their radiative heating and cooling in the atmosphere. This required us
to solve two problems. First, we clarify how high-level clouds should be defined in the
context of radiation. And second, we propose a simulation strategy that specifically tar-
gets the radiative heating of high-level clouds. For both problems, we use the simula-
tions of the present-day climate with the ICON-ESM model.

For studies of cloud-radiative heating, the definition of high-level clouds is adapted
from existing definitions that are based on fixed pressure or temperature thresholds. We

show that artificial cloud tops and artificial radiative heating arise when a purely temperature-

based threshold is used. We further show that the artificial heating is removed by in-
cluding the lower cloud parts at warmer temperatures in the definition of high-level clouds.
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108 Using this definition of high-level clouds, we study the cloud-radiative impact of

409 high-level clouds on the present-day climate. We compare simulations with and with-

a10 out active radiative heating of high-level clouds, and we further perform simulations in

an1 which the radiative heating of all clouds is disabled.

a12 We show that the radiative interactions of high-level clouds warm the entire tro-

a13 posphere, similarly to Lohmann and Roeckner (1995). The temperature impact is strongest
a14 in the tropical upper troposphere. High-level clouds strengthen the extratropical eddy-

a1 driven jet streams of both hemispheres, consistent with enhanced meridional tempera-

416 ture gradients in the upper troposphere. High-level clouds dominate the radiative im-

a7 pact of all clouds on the jet strength in the Northern Hemisphere. In the Southern Hemi-
a1 sphere, the jet strengthening by high-level clouds is overcompensated by an even stronger
410 weakening effect from other clouds, indicating a competition between upper-tropospheric
420 clouds and boundary-layer clouds (Voigt et al., 2023). High-level clouds dominate the

21 overall cloud impact responsible for a decrease in tropical precipitation. However, they

o have no significant impact on the ITCZ position and Hadley cell strength.

23 We note three caveats of our study that create possibilities for follow-up studies.
o First, the ICON-ESM model used in our study underestimates the radiative heating of
a5 high-level clouds in the tropics compared to CERES-CALIPSO-CloudSat-MODIS satel-

26 lite retrievals. This suggests that the impact of high-level clouds in the real world and

a7 in other models might be larger; it would therefore be interesting to test our results in

a8 other models. Second, turning off the cloud radiative heating, as done in our study, leads
229 to small but still undesired surface temperature changes. To better focus on the cloud-
430 radiative heating and cooling within the atmosphere, future studies could follow the rec-
431 ommendation of Harrop et al. (2023) and use all-sky surface radiative fluxes in simula-
132 tions with transparent clouds, as this could reduce surface temperature changes. Third,
433 our definition of high-level clouds includes clouds that extend into the lower troposphere.
a3 We expect that this downward extension would be substantially reduced in models with
435 finer horizontal grid spacing, suggesting that such models would allow for a more pre-

436 cise quantification of the climate impacts of high-level clouds.

237 Independent of these caveats, our results confirm that radiative interactions of high-
438 level clouds are important for climate. This emphasizes the need for a better represen-
439 tation of the radiative heating of high-level clouds in models.

440 7 Open Research

aa1 The ICON-ESM simulation output is archived in the Zenodo repository under ht
a2 tps://doi.org/10.5281/zenodo.10534120. Upon acceptance of this manuscript, the
a3 simulation runscripts and Python scripts used to create all figures and tables are avail-
aa4 able in the GitLab server of the University of Vienna under https://gitlab.phaidra
us .org/climate/haslehner-et-al-high-crh-jgr2024 and will be archived in the Zen-
446 odo repository.

aa7 A copy of the ICON-ESM model code can be obtained from https://code.mpi
s met.mpg.de/projects/iconpublic. The git commit of the ICON-ESM model with the
a9 diagice module, which allows to diagnose the radiative heating of high-level clouds, is

450 1£8253c5 (https://gitlab.phaidra.org/climate/icon-esm-univie/~/commit/1£8253c
451 5d708b89330£2007c510793£05£8c73a6).

as2 The CloudSat-CALIPSO derived ice water content from (J.-L. F. Li et al., 2012)
453 is obtainable under https://zenodo.org/records/3879566. We used the CCCM cloud
454 radiative heating estimate from (Ham et al., 2017), which is calculated using data from

455 CCCM products, available from the Atmospheric Science Data Center data (https://
456 eosweb.larc.nasa.gov/project/CERES/CER_CCCM_Aqua-FM3-MODIS-CAL-CS_RelD1).
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During the review process, the runscripts and Python scripts used to create the fig-
ures and tables are available under https://zenodo.org/records/105471457token=e
yJhbGci0iJIUzUxMiJ9. ey JpZCI6IjQwNmISYTUOLTY3ZDctNDg4NyO4MWVKLWISY2ZmZDYyM
TE1MCIsImRhdGEiOnt9LCJyYW5kb20i0iIyNGEwOGIOOWJkNDJiYjI1NDAOZGF1YTAONmNmM
GQONyJ9.rcHihMZKkQomo3jji-v1Wya80x6U347AFSzbbIwiVASiUAU_111JS03b8Vxk_h1X
BnOIrIk1S£100ekcoiQ3wg.
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