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Abstract Radiative heating of clouds, particularly those in the upper troposphere, alters temperature
gradients in the atmosphere, affecting circulation and precipitation in today's and future climates. However, the
response of cloud radiative heating to global warming remains largely unknown. We study changes to high
cloud radiative heating in a warmer climate, identify physical mechanisms responsible for these changes, and
develop a theory based on well-understood physics to predict them. Our approach involves a stepwise procedure
that builds upon a simple hypothesis of an upward shift in cloud radiative heating at constant temperature and
gradually incorporates additional physics. We find that cloud radiative heating intensifies as clouds move
upward, suggesting that the role of high clouds in controlling atmospheric circulations increases in a warmer
climate.

Plain Language Summary Clouds are moving higher up as the world warms, and this affects local
temperatures. When clouds change altitude, the amount of air molecules around them changes too, and that's the
key process that drives this change. We show evidence supporting this process using a combination of various
atmospheric model simulations and satellite observations. This effect is most evident in high clouds, which
experience large altitude shifts as surface temperatures rise. We can predict these changes if we understand how
clouds impact local temperatures in today's climate. However, that's still uncertain, and making a solid
prediction with our current knowledge is challenging.

1. Introduction

The interactions of ice crystals with radiative fluxes in tropical high clouds alter heating within the atmosphere
(Ackerman et al., 1988; Dinh et al., 2023; Voigt et al., 2024), a quantity known as cloud radiative heating (CRH).
CRH is defined as:

dl — i d(Fall—sky - Fclear—sky)
dt  pc, dz

(1

where F is the radiative flux in W m~2, p is the local density of air in kg m~2, ¢, is the specific heat of air, and z is
the altitude in m. CRH influences the temperature structure in the upper troposphere and modulates the strength
and position of tropical and extratropical circulations, including the intertropical convergence zone, monsoons,
and midlatitude storm tracks (Byrne & Zanna, 2020; Ceppi & Shepherd, 2017; Li et al., 2015; Voigt &
Shaw, 2015). Additionally, CRH plays a major role in atmospheric energy balance and precipitation (Harrop &
Hartmann, 2016b; Li et al., 2015; Medeiros et al., 2021; Voigt et al., 2021), ENSO (Rédel et al., 2016), tropical
cyclone intensification (Ruppert et al., 2020), and convective self-aggregation (Muller et al., 2022; Pope
et al., 2021). While both low and high clouds lead to strong CRH, high-cloud CRH strongly controls large-scale
circulation patterns by directly affecting temperatures in the upper troposphere (Haslehner et al., 2024; Lohmann
& Roeckner, 1995; Ramanathan et al., 1983). It also influences high cloud amount, properties, radiative impact,
and their diurnal cycle (Gasparini et al., 2019, 2022; Harrop & Hartmann, 2016a; Hartmann et al., 2018; Wall
et al., 2020).

Changes in climate and clouds lead to changes in CRH that influence the atmospheric circulation response to
warming in both the tropics (Albern et al., 2018; Voigt & Shaw, 2015) and extratropics. Studies using both
idealized and realistic global model setups suggest that more than half of the model spread in the midlatitude jet
response is caused by changes in CRH (Ceppi & Hartmann, 2016; Ceppi & Shepherd, 2017; Li et al., 2019; Voigt
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Figure 1. Cloud radiative heating of an idealized cloud over an ocean surface with a temperature of 295 K (a) and 305 K
(b) calculated with a radiative transfer model. Both clouds have a COD of 1. Figure S1 in Supporting Information S1 shows
the same quantities using pressure coordinates.

& Shaw, 2015, 2016). Changes in high-cloud CRH strongly influence how large-scale circulation patterns react to
global warming (Voigt & Albern, 2019). These changes affect the regional manifestation of climate change by
determining the location of precipitation associated with storm tracks and the characteristics of the tropical rain
belts.

High clouds are expected to remain at a nearly constant temperature over a wide range of climates, known as the
fixed anvil temperature (FAT) mechanism (Hartmann & Larson, 2002). While FAT or its variants (Bony
et al., 2016; Thompson et al., 2017) were empirically shown to hold in climate projections, broad range of
tropical-like climates (Singh & O’Gorman, 2015; Seeley et al., 2019), tropical interannual variability (Zelinka &
Hartmann, 2011; Li et al., 2012; C. Zhou et al., 2014; Hojgéard-Olsen et al., 2022; Takahashi et al., 2024), their
underlying assumptions have recently been challenged (Seeley et al., 2019). Nevertheless, changes in high clouds
and relative humidity in CMIP6 models can be predicted by isothermal vertical shifts following FAT and diluted
moist adiabats (Po-Chedley et al., 2019).

Despite numerous studies on tropospheric expansion and changes in clear-sky cooling rates with surface warming
(Hartmann et al., 2022; Jeevanjee & Fueglistaler, 2020; Knutson & Manabe, 1995; Mitchell & Ingram, 1992),
responses of CRH to global warming remain largely unknown.

In this study, we analyze how CRH changes in a warmer climate, identify physical mechanisms responsible for
these changes, and develop a theory based on well-understood physics to predict them. To develop our theory of
CRH change, we draw on multiple lines of evidence. First, we conduct radiative transfer simulations of an
idealized high cloud. Next, we perform simulations in radiative-convective equilibrium (RCE) conditions over a
wide range of climates using the System for Atmospheric Modeling (SAM) cloud-resolving model (Khair-
outdinov & Randall, 2003). Then, we analyze data from multiple models from the Radiative Convective Equi-
librium Model Intercomparison Project (RCEMIP) data set (Wing et al., 2018, 2020a). Finally, we support our
theory with a 15-year satellite-derived CRH data set (Stubenrauch et al., 2021, 2023).

2. Data and Methods
2.1. Radiative Transfer Calculations

The radiative calculations are performed with the RRTMG radiative transfer model (Iacono et al., 2008; Mlawer
et al., 1997). We initialize the atmospheric profiles of temperature and humidity to equilibrated model-computed
RCE conditions at the given SST (295 and 305 K). Both SST cases contain a uniform ice cloud layer with a
geometric thickness of 2 km, with a constant ice water content (IWC) of 0.005 g m™3, and a cloud optical depth
(COD) of 1 (Figure 1), similar to most frequently observed high clouds (Sokol & Hartmann, 2020). Cloud
properties remain the same in the 295 and 305 K simulations, while cloud temperatures remain approximately
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unchanged, warming slightly due to the coarse vertical grid spacing (Figure 1). Therefore, the cloud in the 305 K
simulation is located 2.75 km higher than the cloud in the 295 K case.

2.2. Simulations
2.2.1. SAM CRM

We perform 11 SAM simulations in RCE at SSTs ranging between 265 and 315 K in 5 K intervals, following the
RCE_small RCEMIP experiment specifications (Wing et al., 2018). For the analysis, we consider the averages of
the last 25 out of 100 days of the simulation. For more information on SAM, see Text S1 in Supporting
Information S1.

2.2.2. RCEMIP

We use the RCEMIP data (Wing et al., 2018, 2020a) from the RCE_large295 and RCE_large305 simulations.
Simulations from 18 of the 30 models or model versions available at the time of our initial data download provide
the output needed to compute CRH profiles, that is, both clear-sky and cloudy-sky radiative profiles (Table S1 in
Supporting Information S1). Our work focuses on the 13 CRM models; GCM results are discussed in Section 4.

2.3. Synergetic Cloud and CRH Data Set (CIRS-ML)

We use a 15-year (2004-2018) 3D cloud and radiative heating data set developed by Stubenrauch et al. (2021),
described in the Text S2 in Supporting Information S1. It expands in time and space the radiative heating rates
from 2B-FLXHR-LIDAR (Henderson et al., 2013) using deep learning applied to cloud, atmospheric, and surface
properties from AIRS-CIRS satellite data (Stubenrauch et al., 2017) and ERA-Interim reanalyses (Dee
et al., 2011). We use data for the tropical band between 15°S and 15°N only.

2.4. Tropical Sea Surface Temperature Data

We use monthly mean SST data from the National Oceanic and Atmospheric Administration Optimum Inter-
polation Sea Surface Temperature version 2 data set (Huang et al., 2021) from July 2004 to June 2018 between
15°S and 15°N. The tropical mean temperature is obtained by averaging over latitude and longitude. Subse-
quently, annual means are computed from July to June to capture the effect of ENSO, which peaks during the
boreal winter.

3. Results
3.1. CRH Response of an Idealized Cloud Shift

In the following, we highlight that CRH increases as clouds move to higher altitudes, driven by changes in air
density. An upward shift would intuitively, given no change in high cloud properties, lead to a vertically shifted
CRH profile with no change in CRH magnitude.

Figure 1a shows the computed profile of net, shortwave (SW), and longwave (LW) CRH for a 2 km thick cloud
with a COD of 1. The cloud is embedded in a moisture and temperature environment that represents an equili-
brated climate state at 295 K SST. The major CRH contribution comes from the LW absorption which generates
maximum heating at the cloud base.

Figure 1b shows the same cloud with nearly the same cloud temperature over an ocean surface at 305 K. Its
geometric extent, ice properties (IWC, ice water path, ice crystal size), and COD are set to be the same as in the
295 K simulation to isolate the effect of a pure upward cloud shift. The two clouds are prescribed in a way to
maintain a nearly constant temperature. The cloud at SST of 305 K is therefore shifted upward by 2.75 km
compared to the cloud at 295 K SST. Remarkably, the CRH increases by about 50% in the warmer simulation
despite no changes in cloud properties.

Equation 1 consists of the terms % and dF/dz, both of which can change with the upward cloud shift over warmer

surface temperatures. Changes in the % term at peak CRH, computed as 7100 X W, explain about 87% of
295

the change in LW CRH and 97% in SW CRH, defined as 100 x /0 =(l/d0xs (Table S2 in Supporting
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Figure 2. (a) SAM model simulated temperature profiles for SSTs of 295 and 305 K (solid lines) and the corresponding
diluted moist adiabats (dashed lines). The vertical shift of peak CRH (Az) is determined based on the assumption of
isothermal conditions at peak CRH. (b) CRH profiles for the reference and warmer climate states (solid lines). The dashed blue
line is the 295 K CRH shifted by the predicted Az. The dotted blue line is the CRH profile based on the predicted Az and the
density factor. The dotted gray line is the prediction multiplied by a factor considering the simulated decrease in peak cloud
fraction.

Information S1). The residual change in LW CRH is explained by the increase in LW emission reaching the cloud
base due to higher surface temperatures. The decrease in density also makes the atmospheric column above the
cloud top more transparent in the warmer simulation. As a result, more SW radiation reaches the cloud top,
leading to a slight increase in SW CRH.

In summary, CRH (Equation 1) is determined by two terms: (a) the CL,; term, determined by air density and (b) the
»

% term, controlled by cloud properties. As a cloud moves to higher altitudes, air density decreases, increasing the
magnitude of term (a) and thus, assuming no change in cloud properties, increasing the magnitude of CRH due to
its inverse proportionality with density. While radiatively important boundary layer clouds remain at nearly the
same altitude in warmer (or colder) climates, free tropospheric clouds shift robustly in altitude with warming
(Sherwood et al., 2020). Upward shifts are largest for high clouds, which are therefore expected to experience the
largest changes in air density. The change in CRH is not only caused by a simple altitude shift of the CRH profile
but also by a density-driven increase in CRH magnitude.

3.2. Prediction of CRH Profiles

We reproduce the mean temperature profile obtained from the SAM simulation at 295 K using the spectral plume
model (W. Zhou & Xie, 2019) (see also Text S3 in Supporting Information S1). Next, we find the temperature at
the peak CRH level of the 295 K simulation. The CRH peak corresponds approximately to the average tem-
perature of the cloud base where net heating is maximized due to the dominant LW absorption component (see
Figure 1). We now assume that the temperature at peak CRH is independent of SST to find the altitude of the peak
CRH at other climate conditions. This allows us to determine the vertical displacement Az between the CRH
peaks in the colder and warmer simulations, shown in Figure 2a for a 10 K temperature change. As we focus on
high clouds, we only consider CRH at temperatures colder than 273 K where cloud ice is present. The same
method is applied to the RCEMIP multimodel data to predict CRH at 305 K and assuming the 295 K profiles as
the reference, known, climate state.

The simulated 295 K SAM temperature profile in Figure 2b is moved upward based on the predicted vertical shift
Az, represented by the dashed blue line. The dotted CRH profile adds the predicted density adjustment factor
defined as:
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Figure 3. (a) SAM model-simulated cloud fraction and (b) CRH profiles. (c) Prediction of peak CRH compared with SAM model-simulated values over an extended
temperature range. The CRH prediction in (c) is based on the model-simulated CRH at 295 K and the predicted changes in density. The black line represents the 1:1 line

between computed and predicted CRH.

pc(}rr,pred(z) = P95 (Z + AZ)/p295(Z) (2)
The P prea(?) is calculated purely from the estimated vertical shift Az and the density profile in the colder

simulation.

The prediction in Figure 2b overestimates the peak CRH due to a 10% decrease in peak cloud fraction in between
the 305 and 295 K simulations (Figure 3a). Multiplying the prediction with a factor considering the decrease in the
simulated peak cloud fraction improves the agreement, as shown by the gray dotted line (Figure 2b).

3.3. CRH Intensification and Its Prediction in RCE Simulations

We conduct SAM model simulations in RCE over a wide range of SSTs from 265 to 315 K, extending from
snowball-Earth-like climates to near-hothouse climates. All climate conditions result in a prominent peak in cloud
fraction in the upper troposphere that becomes less pronounced in warmer simulations while maintaining a
roughly constant temperature (Figure 3a and Figure S3a in Supporting Information S1). Similarly, CRH peaks in
the upper troposphere below the peak cloud fraction near the cloud base (Figure 3b). Unlike cloud fraction, the
CRH gradually increases in magnitude. Interestingly, the variation of the domain-averaged ‘é—f term is small
relative to density variations for all but the highest SST simulation (Table S3 in Supporting Information S1). The
change in temperature at peak CRH varies little compared to changes in SST over the simulated range of climates
(Figure S3b in Supporting Information S1). We consider it therefore fixed for our prediction of the # term.

We now demonstrate that the response of the upper tropospheric CRH can be reliably predicted from the profile of
CRH in the reference, present-day-like 295 K climate following well-understood physics of tropical clouds and
convection extending the procedure explained in Section 2.5 to a broader range of climates (see also Text S3 in
Supporting Information S1). The predicted CRH changes are based solely on the reference climate, without the
need for knowledge of warmer or colder climate states. The prediction is biased for simulations at SSTs > 295 K
with large peak cloud fraction changes (Figures 3a and 3c).

Nevertheless, our simple method is skillful in predicting the peak upper tropospheric CRH for simulations with
SSTs up to 30 K colder and 15 K warmer than the reference simulation at 295 K SST (correlation coefficient of
0.98, root mean square error of 0.13) (Figure 3c). This proves the predictive power of our method, which relies on
basic physics, and demonstrates the inversely proportional relationship between air density and CRH accross a
wide range of surface climate conditions.
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Figure 4. Median values (solid lines) and the interquartile range of RCEMIP model ensembles (shading) are shown for cloud radiative heating (a), cloud fraction (b), and
IWC (c) in simulations with SSTs of 295 and 305 K. The green line in (a) shows the multiannual mean cloud radiative heating from CIRS-ML satellite retrievals; its
maximum interannual range is represented by green shading (d)—(f) Illustrate changes between the median 305 and 295 K profiles for RCEMIP models (in black). In (d),
the green line is the linear regression of CIRS-ML cloud radiative heating on tropical SST, with green shading for =1 standard error.

3.4. Prediction of CRH Changes in RCEMIP

We now demonstrate that our prediction also works for a large ensemble of RCE model simulations from the
RCEMIP project (Wing et al., 2018). Radiative (CRH), macrophysical (cloud fraction), and microphysical (IWC)
properties clearly show high-cloud-related peaks that shift upward as the surface warms from 295 to 305 K
(Figure 4). Similarly to SAM simulations, the model median CRH increases for a warmer atmosphere and surface,
despite a decrease in cloud fraction and IWC (Figures 4a—4c and S4a—S4c in Supporting Information S1).
Anomaly plots in temperature coordinates in Figures S4d—S4f in Supporting Information S1 highlight the changes
between the colder and warmer simulations, with cloud fraction and IWC decreasing slightly while exhibiting
nearly symmetrical altitude shifts (Figures 4d—4f). In contrast, the CRH increases in magnitude in the free
troposphere and particularly near the peak high cloud fraction (Figure 4d and Figure S4d in Supporting
Information S1).

We now apply the physical CRH prediction method developed based on the SAM model simulations to the
RCEMIP data set, taking the 295 K simulations as the reference climate. Figure 5a supports our prediction for
most RCEMIP cloud-resolving models (CRM), despite the large spread in simulated CRH profiles (Figure 4a).
The isothermal vertical shift assumption alone explains on average 60% of the change in the CRH profiles be-
tween the 295 and 305 K simulations (brown bars in Figure S5 in Supporting Information S1; see Text S4 in
Supporting Information S1 for details on calculations). The density adjustment increases the fraction of explained
change by 10% (green bars in Figure S5 in Supporting Information S1), reducing the root mean square error of the
prediction from 0.26 to 0.13 (Figure 5a). Peak CRH prediction is accurate within a 20% error for all but two
analyzed CRMs, CM1 and NICAM (refer to Text S5 in Supporting Information S1 for explanation).

The interquartile range of the prediction error, averaged over all CRMs, is 0.1 K day™! (Figure 5a). Model
differences in the CRH change in response to surface warming are five times larger with 0.5 K day™' (Figure 4a).
Therefore, accurate prediction of CRH in a warmer climate requires a thorough understanding of its current state.
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Our findings demonstrate that the prediction based on known physics is very powerful and explains 70% of the

variation in CRH profiles for models with resolved deep convection (Figure 5 and Figure S5 in Supporting

Information S1).

3.5. Density-Driven CRH Intensification in Satellite Estimates of CRH

We now show that our model results are comparable with CRH changes derived from satellite observations

between 2004 and 2018. The upper tropospheric peak in CRH is located between 7 and 10 km, driven mainly by
its LW component (green line in Figure 4a, Figures S6a—S6c¢ in Supporting Information S1). The net CRH value at
the cloud top is close to zero due to a cancellation between the LW cloud top emission and SW absorption

(Figure 4a). The vertical profile of the observed CRH is more complex compared to the RCE simulations, with a

larger contribution from mid- and low-level clouds. Moreover, cloud fraction and opacity are influenced by

variations in SST (Figures S8, S9; Text S6 in Supporting Information S1). Most notably, the models simulate a
warmer upper troposphere compared to observations. The RCEMIP output and the observations are therefore
inconsistent in many climate properties, as described in Text S7 in Supporting Information S1. Nevertheless, the
upper tropospheric CRH matches well between the satellite data set and the RCE simulations. This shows that
RCE helps understand upper-tropospheric CRH in the tropics.

To study the response of CRH to increases in surface temperature, we use the annual tropical average SST and
CRH anomalies relative to their time mean. The linear regression of the observation-based CRH profile with SST
anomalies confirms the RCE results and our prediction that a warmer climate will lead to an asymmetric vertical
shift of CRH, with stronger anomalous heating in the upper troposphere and weaker anomalous cooling in the

middle troposphere (Figure 4d, green line).

Given the similarity between the observations and RCE simulations, the satellite observations provide a fourth
line of evidence for the strengthening of upper tropospheric CRH in warmer climate conditions.

4. Implications for Climate Modeling

Our analysis so far has used only models with kilometer-scale grid spacing and an explicit treatment of deep

convection. However, general circulation models (GCMs) are critical for climate projections, despite their limited

ability to capture subgrid-scale processes like deep convection. Therefore, we present a separate analysis of

changes in simulated CRH from GCMs in the RCE data set. In contrast to CRMs, our prediction of changes in

CRH with warming cannot capture the GCM responses in a satisfactory way (Figure 5b).

We reveal substantial discrepancies between their responses to warming and the predictions based on funda-
mental atmospheric thermodynamics and CRM simulations. For example, analyzed GCMs often produce large
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changes in IWC in warmer climates (Figure S7 in Supporting Information S1), for which there is no physical
justification based on atmospheric thermodynamics (Sokol & Hartmann, 2022). These changes in IWC dominate
the change in upper tropospheric CRH, raising questions about the reliability of models with parameterized deep
convection for accurate climate predictions.

Our analysis also highlights the potential of models with embedded CRMs, such as the SP-CAM and SPX-CAM
versions of the CAM model, to improve the accuracy of simulating clouds and their CRH. By bypassing the need
for convective parameterization, these models produce results that align with the physical understanding of the
tropical atmosphere and our predicted response to warming despite having similarly coarse vertical grid spacing
as GCM versions of the CAM model (Figures S5 and S7 in Supporting Information S1). While the discrepancies
between GCMs and basic physical understanding are concerning, the emergence of global CRMs presents an
exciting opportunity to advance our understanding of the climate system and improve the accuracy of climate
projections (Hohenegger et al., 2023; Satoh et al., 2014).

5. Summary and Implications

We show that the strength of cloud-radiative interactions in high clouds changes primarily as a function of air
density. The decrease in air density causes an increase in the magnitude of CRH, which we find to operate in
radiative transfer calculations of an idealized high cloud, simulations with SAM over a broad range of SSTs, a
multimodel simulation data set of RCE, and a 15-year satellite-derived data set. In the RCE simulations, this
density-driven CRH increase, on average, overcompensates for the effect of a decreasing high cloud fraction
(Bony et al., 2016).

Using a theory of dilute moist adiabatic ascent and fixed high cloud temperature, we can predict simulated CRH
responses to warming with good accuracy. Remarkably, the prediction is skillful for most CRMs despite the large
spread of model-simulated CRH profiles under present-day-like conditions (Figures 4a and 5a). Knowledge of
changes in upper tropospheric cloud fraction and/or condensate could further improve the prediction. A predictive
cloud fraction equation may be derived by building upon the work by Jeevanjee (2022) and Beydoun et al. (2021).

Recent work using GCMs in a realistic setup showed that CRH response to a 4K warmer SST can be largely
explained by an upward shift only (Voigt et al., 2024). This is not the case in the RCEMIP GCM simulations. In
contrast, GCMs simulate large changes in cloud properties, particularly IWC, in response to warming. These
changes drive most of the response in upper tropospheric CRH, violating the simple physics on which our CRH
prediction method is based. Such changes in cloud properties are likely related to uncertain deep convective
parameterizations and should be approached with caution.

Observational studies have shown altitude shifts of clouds in response to warmer temperatures based on inter-
annual climate variability (e.g., Zelinka & Hartmann, 2011) and observed global mean warming (Norris
et al., 2016). These findings suggest that the altitude-driven CRH change may already influence the role of high
clouds in the climate system. In particular, these changes are likely affecting the planetary-scale circulation of the
atmosphere, the location of strong precipitation as well as the life cycle of upper tropospheric clouds.

Our study demonstrates that by using well-established principles of atmospheric physics, convection, and clouds,
itis possible to reliably predict the response of CRH to surface warming for a wide range of climates. Our findings
suggest that more effort should be devoted to calibrating models using satellite-derived CRH. Indeed, our results
indicate that the uncertainty in model-predicted changes in atmospheric circulations and hence regional climate
could be significantly reduced by narrowing the spread in model-simulated CRH in the present-day climate. This
is an avenue for progress that climate modeling has largely overlooked so far.

Data Availability Statement

RCEMIP output is hosted by the German Climate Computing Center (DKRZ), available at Wing, Stauffer,
Becker, Reed, Ahn, Arnold, and Zhao (2020). NOAA OI SST data set is available at https://psl.noaa.gov/data/
gridded/data.noaa.oisst.v2.highres.html. CIRS data set is available at https://gewex-utcc-proes.aeris-data.fr/data/
(last access: 22 August 2024). The data, analysis, and plotting scripts are found in Gasparini et al. (2024).
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