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Key points:

e We document how both models predict cloud properties in the present and in a future,
warmer climate with weakened Walker/Hadley circulation

e Both models show cloud properties evolve differently with vertical wind speeds smaller or
larger than 20hPa/day

e Cloud properties that suffer from biases in model simulations of current climate are affected
by large changes in the future climate
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Abstract

Using spaceborne lidar observations and reanalyses (2008-2014), we relate the vertical wind
speed at 500 hPa (ws), indicator of atmospheric circulation, to properties of opaque clouds (altitude
and cover) and to the Cloud Radiative Effect (CRE) in the Tropics. We confront those observations
with simulations by IPSL-CM6 and CESM1 climate models using early 21st century emissions. Both
models overestimate the average opaque cloud cover. IPSL-CM6 puts high opaque clouds too high
(+2km), especially in ascendance. CESM1 overestimates the intermediate opaque cloud cover and
underestimates small and large opaque cloud covers. Both models agree that cloud properties
behave differently at wind speed above (strong subsidence) or below (weak subsidence and
ascendance) 20hPa/day. In future climate (2089-2095), variables affected by biases in current climate
are affected by notable changes: IPSL-CM6 puts high opaque clouds even higher (+2km) while
opaque cloud cover above 30% decreases and below 30% increases in CESM1. Both models predict
very little change in the average net CRE in the future. We find that predicted changes of cloud
properties can be regionally driven by dynamic or thermodynamic changes, depending on the
relationship between opaque cloud altitude and wsq in the model. Overall, most changes are due to

thermodynamic changes in the relationship between cloud property and atmospheric dynamics.
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Plain Language Summary

The largest incertitude on climate predictions comes from our poor understanding of how
clouds will react to a warmer climate. A long-term record of cloud detections by active sensors, such
as lidars, will enable measuring the clouds vertical distribution, one of the properties most sensitive
to global warming. Here we investigate how two climate models predict the evolution of the vertical
distribution of clouds, in relation to the predicted evolution of large-scale air motions in the Tropics.
We discuss the changes predicted by the models in future climate conditions for cloud properties,
and how well they simulate them in current climate conditions, compared to current retrievals from
satellite sensors. We also find that when models generate upward or downward air motions, they
move opaque clouds higher or lower in very different ways. This explains why, even if both models
similarly predict that tropical atmospheric circulation will slow down in the future, they predict

different changes in cloud altitude.
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1 Introduction

Climate models predict a weakening of the tropical atmospheric circulation (Kjellsson 2015),
more specifically a slowdown of Hadley and Walker circulations (Vecchi and Soden, 2006; Lu et al.,
2007; Birner, 2010; Davis and Rosenlof, 2012). The Hadley cells are maintained by convection, and
many studies predict that in a warming climate, convection will weaken due to changes in 1) the
atmospheric hydrological cycle (Held and Soden, 2006), 2) the mean advection of stratification, which
implies a cold/warm advection in the tropical troposphere in convective/subsidence regions (Ma et
al., 2012), or 3) the radiative cooling in the upper atmosphere (Bony et al., 2013). Chou et al. (2009)
showed that convection will weaken along the edges of convection regions due to advection of dry
air from subsidence regions towards convective regions: the “upped-ante” mechanism. Ma et al.
(2012) suggested that a warming of subsidence regions could strengthen the frequency of the
ascendance in regions today dominated by subsidence. Cloud formation and distribution in the
tropics, which are largely driven by vertical movements, will be impacted by these predicted changes

(e.g. Cess et al., 1989; Stephens, 2005; Zelinka and Hartmann, 2011; Su et al., 2014).

Many climate models predict that global warming will have a major impact on cloud properties
(e.g. Wetherald and Manabe, 1988; Ramanathan et al., 1989; Mitchell et al., 1989; Colman, 2003;
Ringer et al., 2006; Webb et al., 2006; Vial et al., 2013; Vaillant de Guélis et al., 2018; Zelinka et al.,
2020), including their geographic and vertical distribution. Climate feedbacks from clouds, which
amplify warming when positive (Hansen et al., 1984), are today the main source of uncertainty in
climate forecasts (e.g Vial et al., 2013; Webb et al., 2013; Caldwell et al., 2016; Ceppi et al., 2017,
Zelinka et al. 2020). Tropical clouds play a key role in the redistribution of solar energy (Cesana et al.,
2012; Dufresne and Bony, 2005; Lu et al, 2007; Kjellsson, 2014), and their evolution will likely affect
climate. Therefore, it is crucial to better understand how tropical clouds will evolve in a changing

climate.
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Among cloud properties, the vertical distribution is sensitive to climate change (Hartmann and
Larson, 2012; O’Gorman and Singh, 2013; Chepfer et al., 2014, Vaillant de Guélis et al., 2018). Active
sensors integrated into satellites, such as CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization;
Winker et al., 2009), make it possible to obtain a detailed vertical distribution of clouds. CALIOP
measurements and calibration are more stable over time and more precise than passive remote
sensing satellite detectors (Winker et al., 2017; Chepfer et al., 2018). CALIOP observations can be
simulated in the atmospheric conditions predicted by climate models using lidar simulators (Chepfer
et al., 2008). Chepfer et al. (2018) showed that, assuming model predictions are correct, observations
from space lidars could monitor changes in the vertical distribution of tropical clouds in a way that

could provide information on how clouds will impact the future climate.

One of the main influences clouds have on the climate system is their Cloud Radiative Effect,
or CRE. A positive Top Of the Atmosphere (TOA) CRE means that clouds warm the climate system.
Conversely, a negative TOA CRE means clouds cool the climate system. Zelinka et al. (2012a)
guantified how cloud cover, altitude, and optical depth contribute to the cloud radiative response.
Zelinka et al. (2016) isolated the role of cloud cover and cloud altitude, separating high and low
clouds. In the infrared, or longwave (LW), clouds always have a warming effect (CRE,>0) because
they absorb a part of the upwelling radiation emitted by the Earth and reemit a part of it downwards,
thus letting less energy escape to space. Opaque clouds provide the largest contribution to TOA
CRE,w: when opaque cloud cover is large, CRE,y is large (Vaillant de Guélis et al., 2017a). At global
scale, Vaillant de Guélis et al. (2017b) showed that opaque clouds contribute to 82% and thin clouds
to 18% of the mean observed LW CRE. Higher opaque clouds also lead to a stronger CREy. In the
visible, or shortwave (SW), clouds almost always have a cooling effect (CREsy<0) because they reflect
a part of the solar radiation back to space. The SW CRE is directly proportional to the cloud optical
depth (Yokohata et al., 2005; Taylor et al., 2007, Dupont et al. 2008), thus optically thin clouds
contribute less to the SW CRE than opaque clouds, supposing equivalent cloud covers as in

observations (Guzman et al., 2017). As the cover of opaque clouds increases, so will their albedo
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effect, and the CREsy will get increasingly negative. Thus opaque clouds are the main contributors to

the CRE in the Tropics.

Understanding how models predict cloud vertical distribution will evolve in the future has
implications for how models predict the TOA CRE will evolve in the future (e.g. Bony et al., 2006;
Soden and Held 2006; Soden et al., 2008; Boucher et al., 2013). Many studies show that cloud
altitude change is the dominant contributor to the LW cloud feedback (e.g. Schneider, 1972; Cess,
1975; Hansen et al., 1984; Wetherald and Manabe, 1988; Cess et al., 1996; Hartmann and Larson,
2002; Zelinka et al., 2016). Vaillant de Guélis et al. (2018) showed that changes in altitude and cover
of opaque clouds are the main drivers of CRE change in the Tropics on short timescales. At this point,
however, it is still unclear how observing short-term, intra-decadal changes in cloud properties might
reveal the evolution of the CRE in future climate conditions, given the long-term, multi-decadal

changes in dynamical conditions of the tropics.

This paper has three goals. First, based on satellite observations and reanalyses (section 2),
we establish the relationship between atmospheric dynamic circulation, opaque cloud properties and
TOA CRE (section 3). Second, we compare this observed relationship with the one found in climate
model simulations of current climate conditions (section 4). Third, we investigate how model biases
in present climate conditions relate to their predictions in a warmer climate (section 5). All analyses
are ocean only, to help interpretation of our results in regard of recent studies using lidar-derived

opaque cloud properties (Vaillant de Guélis et al., 20173, b, 2018; Hojgard-Olsen et al., 2020).
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2 Data

In this study, we use cloud observations (section 2.1) from space lidar, vertical wind speed from
reanalysis, flux observations from space radiometer. On the modeling side (section 2.2), we use
climate simulations together with a lidar simulator in the present climate as well as in a warmer

climate.

2.1 Observations

2.1.1 Cloud observations: CALIPSO-GOCCP Spaceborne Lidar Data

We use 7 years of CALIPSO observations (2008-2014) from the GOCCP product (GCM-Oriented
CALIPSO Cloud Product, Chepfer et al., 2010, 2013). CALIPSO has been collecting data since 2006, but
in November 2007 the satellite tilt was changed from 0.3° to 3° off-nadir. This change in CALIPSO's
pointing direction can create discontinuities in retrieved cloud properties, in the Tropics and
elsewhere (Hu et al., 2007), so we only consider observations starting in 2008. GOCCP variables are
derived from CALIPSO level 1, vertical profiles measured every 330m at 30m-180m vertical
resolution. We used GOCCP V.3.1.2 (Chepfer et al., 2010) variables consistent with the COSP1.4 lidar
simulator outputs (section 2.2.2). From GOCCP data, we used 2 variables aggregated and averaged
over monthly periods on 2°x2° lat-lon grid cells and on a 480m regular vertical resolution grid, that

describe the properties of opaque clouds.

Opaque clouds are defined as clouds which totally attenuate the incoming lidar laser beam and
do not let any of it pass through as direct transmission. Their optical depth is typically larger than 3 in
the visible and an infrared (IR) emissivity close to 1; they are identified when the surface echo cannot
be found in full-resolution signal profiles from the space lidar (Guzman et al., 2017). In this study, we

use two lidar-derived properties of opaque clouds:

e The opaque cloud cover, named Copaque.



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167
168

169

170

171

172

173

174

e The opaque cloud altitude, named Zopaque, which describes the altitude below which
the lidar is fully attenuated and is directly linked to the LW TOA radiative flux (Chepfer et
al., 2014; Vaillant de Guélis et al., 2017a; Guzman et al., 2017). The GOCCP Zopaque
calculation algorithm is based on detecting the altitude where the lidar signal is totally
attenuated. This attenuation is integrated over the entire column from the top, and can
be due to a single cloud layer or multiple cloud layers. In a given profile, the Zopaque can
be very low (e.g. 2 km) while thin high clouds can be present. When a situation combines
low level opaque clouds with optically thin high clouds, the lidar will penetrate the high
clouds and will get fully attenuated in the lower cloud. Compared to the situation with
low opaque clouds only, this would marginally rise the altitude of opacity. De Guélis et al.
(2017a) found that taking into account the optical depth of thinner clouds overlapping an
opaque cloud when calculating the cloud radiative effect only provides marginal

improvement.

Zopaque and Copaque have been used in several recent studies to understand interactions
between clouds and radiation (e.g. Vaillant de Guélis et al., 2017a and b, 2018; Morrisson et al.,

2018, 2019; Frey et al., 2018; Lacour et al., 2017, 2018; Chepfer et al., 2014, 2017, 2019).

2.1.2 Vertical wind speed: ERA5 reanalysis

To evaluate convection intensity, we use the vertical velocity at 500 hPa, wsq. Averaged over a
month, it is a good indicator of the ascending/subsiding air motion (Bony et al., 2004). Ascending air
motion is identified by negative wind speeds at 500 hPa (wsq<0) and subsidence air motions by
positive wind speeds at 500 hPa (wsp>0). Here, we use 7 years (2008-2014) of wsy from fifth-
generation reanalysis from ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-5

(Hersbach et al., 2020).
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These data are produced from the combination of a model of weather forecasts and
observations. These ERAS reanalyses are provided hourly on a 0.28°x0.28° longitude-latitude mesh
and 137 vertical levels of varying pressure. We extracted the vertical velocity at 500 hPa and

averaged it on the GOCCP horizontal resolution: 2°x2° every month.

2.1.3 Radiative flux: CERES Spaceborne Radiometer

In the present study, we used 7 years (2008-2014) of TOA CRE from the Clouds and the Earth’s
Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) top-of-atmosphere (TOA) data
product version 4.1 (Loeb et al., 2018; Kato et al., 2018). It is produced using 2 CERES instruments
from two satellite platforms (Aqua and Terra), that measure SW, LW and total fluxes at TOA. These

measurements are monthly averaged on a 1°x1° longitude-latitude grid.

2.2 Simulations

2.2.1 General Circulation Models: CESM1 and IPSL-CM6

In the present study we considered climate predictions from two general circulation models.

The first is the Community Earth System Model version 1 (CESM1), integrating the Community
Atmosphere Model version 5 (CAMS5), developed by NCAR (National Center of Atmospheric
Research). CESM1-CAMS5 participated in the fifth phase of the Coupled Model Intercomparison
Project (CMIP5, Taylor et al. 2012). We used CESM1 data on a grid with a spatial resolution of 1.25° x
0.94°, and 40 vertical levels. The second model is IPSL-CM®6, the latest version of the IPSL (Institut
Pierre-Simon Laplace) climate model participated in the sixth phase of CMIP (Eyring et al., 2016).. We

used IPSL-CM6 data on a grid with a spatial resolution of 1.27 ° x2.5 °, and 79 pressure levels.

According to Table 1, both models have a rather large equilibrium climate sensitivity (ECS) but
ECS and cloud feedback values all fall in the range of CMIP6 multimodel means for both models. IPSL-

CM®6 appears as the most sensitive, with the strongest LW cloud feedbacks.
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Equilibrium Cloud Feedback Cloud Feedback Cloud Feedback
Climate Total (W/m?/K) SW (W/m?/K) LW (W/m?/K)
Sensitivity (K)
CESM1-CAM5 4.1 +0.52 +0.42 +0.10
IPSL-CM6 4.6 +0.38 +0.13 +0.25
Multimodel mean 2.6t04.8 +0.06 to +0.78 -0.39 to +0.59 +0.06 to 0.58
interval CMIP6

Table 1: Climate sensibility (K) and Cloud feedback Total, SW and LW (W/m?/K) for CESM1 and IPSL-CM6. Adapted from
Gettelman et al., 2019, Meehl et al. 2020, and Zelinka et al., 2020.

For both models we considered 88 years of predictions, starting in 2008 as the observations and
ending in 2095. Since CESM1 is a CMIP5 model and the historical period ends in 2005 for CMIP5
(Taylor et al., 2011), historical runs do not exist for later years in CESM1. However, the cumulative
CO2 emissions observed during the 2008-2014 period are closest to the RCP8.5 scenario (Schalwm et
al., 2020), and we used that scenario for CESM1 simulations over the 2008-2014 period. For the
CMIP6 model IPSL-CM®6, we used available historical runs for IPSL-CM®6 over the period 2008-2014.
For future climate conditions, both models were forced under the Representative Concentration
Pathway (RCP) 8.5 scenario, the highest emissions and radiative forcing scenario of the
Intergovernmental Panel on Climate Change exercise (Riahi et al., 2011). In the rest of the paper, we

refer to the 2008-2014 period as current climate, and to the 2089-2095 period as future climate.

Out of predictions from those models, we use the vertical wind speed at 500 hPa (wsg) and
the Cloud Radiative Effect (CRE) decomposed in 3 components: Net, LW and SW. The simulated CRE

includes contributions of both opaque and non-opaque clouds.

2.2.2 Lidar Simulator: COSP 1.4

On each model was plugged the COSP1.4 (CFMIP Observation Simulator Package) lidar
simulator (Bodas-Salcedo et al., 2011), which reproduces synthetic lidar observations that would be

measured by existing spaceborne lidars flying over the atmosphere predicted by the model (Chepfer

10
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et al., 2008). Here, from COSP outputs we use the monthly gridded opaque cloud cover (Copaque)

and altitude (Zopaque).

3 Relationship between Opaque cloud and Vertical air velocity in

current observations

The distribution of ascending and subsiding air motions, according to vertical wind speed
from reanalyses (Figure 1a), appears to drive the geographic patterns followed by the average
altitude (Figure 1b) and cover (Figure 1c) of opaque clouds derived from spaceborne lidar
observations (section 2.1). In ascending air motion (wse<0, red in Figure 1a), opaque clouds are high
and abundant, generally Zopaque>3km (Figure 1b) and Copaque>40% (Figure 1c). This is the case
over the InterTropical Convergence Zone (ITCZ), the mid-West Pacific Ocean and the warm pool, for
instance. In subsiding air motion (wsge> 0, blue in Figure 1a), opaque clouds are generally low and
few, with Zopaque<3km (Figure 1b) and Copaque<40% (Figure 1c). However, many opaque
(Copaque>60%) low altitude (Zopaque<lkm) clouds are found in the edges of the West coast of
America (Mexico and Peru), of Africa (Angola/Namibia) and of Australia, corresponding to
stratocumulus regions. To better understand the relationship between the altitude and cover of

opaque clouds and vertical air motions, we focus on how opaque clouds and wsq vary together.

Figure 2 shows how the opaque cloud altitude, Zopaque, and the opaque cloud cover,
Copaque, relate to the vertical velocity at 500 hPa, wsgo. These figures suggest the existence of two
different regimes based on vertical velocity, linking cloud properties and dynamics in the Tropics. In
the right regime, related to strong subsidence (wsg>20 hPa/d, 38% of points), Zopaque is stable
between 0 and 2 km, whatever the vertical wind speed at 500hPa (Figure 2a). Meanwhile, the mean
Copagque increases slightly with subsidence speed (+6% from +25 to +75 hPa/d); dispersion is large
for a given wsyethough. In the left regime, related to weak subsidence and convection (wsgp< 20

hPa/d, 62% of points), as ascendance gets stronger, both cover and altitude of opaque clouds

11
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increase (Figs. 2a and b): Copaque increases on average by +17% between 20 and -75 hPa/day.
Zopaque goes from an average of 1.5km at +20 hPa/day (subsiding air motion), to 3.8km at -25
hPa/day (weak ascending air motion), up to a 5km average at -75 hPa/day (deep ascending air
motion). The Zopaque altitude is by definition lower than the top of the opaque cloud ( section 2.1),
so opaque clouds probably extend higher than 5km. Strong ascending motion (<-50 hPa/day)

represent less than 10% of points of the tropical belt (PDF Figure 2a).

These results are consistent with Vaillant de Guélis et al. (2017a), and show that spaceborne
lidar observations and reanalysis suggest there is a clear relationship between atmospheric dynamics
(wsgg) in the Tropics and opaque cloud properties (Zopaque and Copaque). In the next section, we

evaluate how the 2 models CESM1 and IPSL-CM6 simulate patterns of wsqy, Zopaque and Copaque.

4 Relationship between Opaque cloud and Vertical air velocity in
simulations of current climate

4.1 Geographic patterns of opaque cloud properties and dynamic regimes

Figs. 3a (CESM1) and b (IPSL-CM6) show that both models simulate geographic patterns of
Wsgo Similar to those from the reanalyses (black lines in Figs. 3a and 3b) in current climate conditions
(see also Figure S1 in Supplementary Information). Both models frequently simulate stronger
ascendance (wsgp<0, red 6 in Figs. 3c and 3d) North of the ITCZ, West of the Warm Pool and East of
the South Pacific Convergence Zone, weaker ascendance (wsp<0, red 5) South of the ITCZ and across
the Warmpool, and stronger subsidence (blue 1) in the subsidence region of the South Equatorial
Pacific and in the North and South Atlantic. Both models tend to simulate ascendance instead of
subsidence at the southwest edges of subsidence-dominated areas (light salmon 4), for instance in
the South Pacific and West Indian Ocean. IPSL-CM6 simulates subsidence where ERAS says

ascendance (cyan 3) between the subsidence zone of the Equatorial Pacific and the Warm pool.

12
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CESM1 underestimates opaque cloud altitude on average almost everywhere by =0.5 km (Figure
3e) compared to observations (Figure 1b) and overestimates opaque cloud cover (+3.1 %, Figure 3g)
almost everywhere except in stratocumulus regions. In contrast with CESM1, IPSL-CM6
overestimates Zopaque (+1.48km on average, Figure 3f) and Copaque (+7.7%, Figure 3h) almost
everywhere except in the West part of the Equatorial Pacific (blue in the center of Figure 3f and h),
which is consistent with the fact that IPSL-CM6 simulates subsidence instead of ascendance and
increased subsidence in this region (cyan 3 and blue 1 in Figure 3d). Off the West coast of South
America, both models underestimate stratocumulus cover (dark blue in Figure 3g and h), a well-
known bias in climate models. Both models start to disagree further west, in the shallow cumulus

region: CESM1 underestimates their cover, while IPSL-CM®6 overestimates it.

4.2 Distributions of opaque cloud properties vs. dynamic regimes

We now analyze how both models simulate the relationships between cloud properties and wsg
in the current climate (Figure 4). The two regimes on each side on 20 hPa/d that were found in
observations also appear in model simulations. CESM1 (Figure 4, left column) underestimates
Zopaque (first row) in weak ascendance and subsidence (Figure 4a), and overestimates it in strong
ascendance (wsp<-50 hPa/d, Figure 4a) compared to observations (dotted black line with +2 std).
CESM1 (red line) put clouds at lower levels (below 1 km, PDF at right of the Figure 4a) than
observations (grey area). Significant underestimates occur between 2 and 5 km, which is contributed
from -50 to +25 hPa/day regimes, which are dominant (wsy PDF, bottom left). IPSL-CM6 (right
column) overestimates Zopaque significantly: >2km on average in left regime, and the
overestimation is the largest near -25 hPa/d (Figure 4b) where most of ascending wsg points are. The
PDF (Figure 4b, right side) shows that IPSL-CM6 simulates more high opaque clouds (8-10km) and
fewer very low opaque clouds (~1km) compared to observations. The CESM1 overestimate of
Copaque (second row) increases with the ascendance speed (Figure 4c), while IPSL-CM6

overestimates Copaque for all wsgy (Figure 4d). In strong subsidence (right regime), only CESM1

13
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overestimates the opaque cloud cover, but put too few thin clouds by half (Appendix, Figure S2). The
effect dominates the tropical distribution of thin clouds cover (Appendix, Figure S3), consistently with
the ‘too few, too bright’ problem (Nam et al., 2012). According to the PDF (right side of Figure 4c and
d), CESM1 overestimates medium Copaque (20-40%) significantly and underestimates small Copaque
(<20%), while IPSL-CM6 is mostly consistent with the PDF of observations (IPSL-CM6 overestimates a
little Copaque below 35% and underestimates it above 35% in the PDF, Figure 4d, right side). So,
CESM1 reproduces the relationship between Zopaque and wsg better than IPSL-CM6, but IPSL-CM6

reproduces the global PDF of Copaque better than CESM1.

4.3 Distributions of cloud radiative effects vs. dynamic regimes

Using the same approach as Vaillant de Guélis et al., 2018, we found that opaque clouds
contribute 87% (IPSL-CM6) and 78% (CESM1) of the current climate CRE, hence here we interpret
CRE predictions through the properties of opaque clouds first. Both models overestimate the CRE,y
where they overestimate Zopaque and Copaque: in strong ascendance (wsg<-50 hPa/d) for CESM1
(Figs. 4a 4c and 4e) and in ascendance for IPSL-CM6 (Figs. 4b, 4d and 4f). CESM1 underestimates the
CRE, (Figure 4e) where it underestimates Zopaque, in subsidence and weak ascendance. This is
consistent with higher opaque clouds producing a stronger greenhouse effect in the longwave. Both
models overestimate the CREsy in ascendance (Figs. 4g and 4h), mainly due to overestimated
Copaque at those regimes (Figs. 4c and 4d), CRE,, not being sensitive to Zopaque. This is consistent
with more opaque clouds producing a stronger albedo effect in the shortwave. Both models
overestimate a lot the CRE,.. compared to observations (dotted black lines in Figs. 4i and 4j), mostly
due to their overestimate of CREs, caused by overestimated Copaque. This happens in all dynamic

situations, and is especially notable in the left regime.

To sum up, Table 2 shows how model biases in CRE (evaluated against CERES measurements)
correlate with model biases in cloud properties (evaluated against CALIPSO retrievals). For both
models, biases in LW and SW CRE are strongly correlated with bias in Copaque. Biases in LW CRE are
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also strongly correlated with bias on Zopaque. For both models, the bias in net CRE is correlated with
the bias in Copaque, but not with the bias in Zopaque. Model bias on all CRE is linked to model bias
on opaque cloud cover, while only model bias on LW CRE is linked to the bias on opaque cloud

altitude (see Figure S4).

Correlation between | Model Bias in LW Model bias in SW Model bias in total
CRE CRE CRE
IPSL-CM6 Zopaque bias 0.59 -0.04
Copaque bias 0.57 -0.71 -0.56
CESM1 Zopaque bias 0.76 -0.07
Copaque bias 0.52 -0.69 -0.54

Table 2: Correlation coefficient between model biases in CRE (evaluated against CERES measurements) vs model bias in
cloud property (evaluated against CALIPSO retrievals) calculated based on 2°x2° monthly mean values. All correlation
coefficients are statistically significant at 99% confidence level. See Figure S4 in supplementary material.

CESM1 underestimates Zopaque (except in strong ascendance) and overestimates Copaque.
Both effects lead to an underestimate of CRE,y, an overestimate of CREsy and a CRE,; too negative
compared to observations. The IPSL-CM6 CRE PDF is consistent with observations, but IPSL-CM6
locates opaque clouds much higher (>2km) than observations in ascendance (-50 hPa/d to 0 hPa/d), a
situation that the model overestimates compared to reanalyses (wsq PDF below Figure 6j). Since the
model is able to simulate a correct total CRE, the strong error in Zopaque must be compensated by
less visible, symmetrical errors in at least one other cloud property (e.g. opacity, cover). IPSL-CM6
overestimates the cover of opaque clouds (Figure 4d) and severely underestimates the cover of thin
clouds (Figs. S2 and S3, Appendix). The relationships between cloud properties and CRE are shown in

the Appendix for completeness (Figs. S5 and S6).

Let's see how CESM1 and IPSL-CM6 predict patterns of wsqo, Zopaque and Copaque in the

future climate.
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5 Relationship between Opaque cloud and Vertical air velocity in

predictions of future climate

5.1 Changes in geographic patterns of opaque cloud properties and
dynamic regimes

Figs. 5a (CESM1) and b (IPSL-CM6) show that geographic patterns of wsg remain largely the
same in the future. Both CESM1 and IPSL-CM6 predictions appear dominated by a weakening of
upward motion in ascendance regions (red 5, Figure 5c and d) and a weakening of downward air
motion in subsidence regions (blue 2, Figure 5c and d), i.e. both models predict a weakening of the
Hadley/Walker circulation. CESM1 predicts that in a warmer climate opaque clouds will be lower (-
2km, Figure 5e) in the Warm Pool and in the ITCZ but higher in the ascendance zone of the
Southwest Pacific (+ 1km, Figure 5e) and in the subsidence zone of the East Equatorial Pacific (+2km,
Figure 5e), and that there will be fewer of them almost everywhere (Figure 5g), except in the
stratocumulus area (+20%, Figure 5g) at the west coast of South America. In a stark contrast, IPSL-
CM6 predicts opaque clouds will rise almost everywhere, with the strongest rise (+3 km) in the
subsidence region of the West Equatorial Pacific (Figure 5f). Exceptions are most of the North
Atlantic, and parts of Southeast Pacific, where IPSL-CM6 predicts lower opaque clouds. It also
predicts fewer opaque clouds in almost everywhere, with most notable exceptions in the center and
South Pacific (Figure 5h). In ascendance regimes only, CESM1 predicts a very small average rise in
Zopaque (+60m), while IPSL-CM6 predicts a much larger rise (+1.12km). This last value is consistent
with the +700m rise that would occur following the Fixed Anvil Temperature hypothesis (Hartmann
and Larson, 2002), considering an average +4°C increase in temperature between future and current

climate (RCP8.5), and a loss of 6°C per km in the tropical troposphere.

In summary, both models agree on the weakening of the Hadley/Walker circulation

dominating the predictions. Both models also agree on a strong rise of opaque clouds altitude in the
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Equatorial Pacific subsidence region, and on a decrease of their altitude in the North Atlantic. They

disagree on opaque cloud altitude evolution almost everywhere else.

5.2 Changes in distributions of cloud properties vs. dynamic regimes

We now examine how relationships between wsqoand Zopaque/Copaque evolve in the future.
The two regimes that were found in observations and model simulations, on each side on 20 hPa/d

(Section 4), also appear in future predictions (Figure 6, dashed vertical line).

The distribution changes shown in Figure 6, when coupled with the predicted changes in wsg,
help explain the maps of changes in cloud properties discussed in the last section. The changes in
Zopague in a given region can be explained by 1) a change in the Zopaque distribution for a given
Wsgo, i.€. a vertical move on the joint Zopaque-wsy distribution, 2) a change in the wsy distribution in
the region, i.e. a horizontal move in the joint Zopaque-wsq, distribution, or 3) a combination of both.
For instance, were wsoto remain constant over all the Tropics, CESM1 predicts that Zopaque would
rise in ascendance and would remain stable in subsidence (Figure 6a). However, CESM1's main
prediction is the weakening of the Hadley/Walker circulation, i.e. that positive and negative wsqowill
both mostly evolve towards zero. Since in regions dominated by strong subsidence (wsg
>20hPa/day), Zopaque distributions are stable with wsg (right regime in Figure 4a and 6a), any
Zopaque change will be driven by a change in its distribution (blue and red in the right regime of
Figure 6a), leading to a rise in Zopaque in most weakening subsidence areas (blue 2 in Figure 5a). In
such regions, the thermodynamic (joint Zopaque-wsg distribution) changes have no effect on the
Zopaque, instead the dynamic (wsg) changes drive the Zopaque change. By contrast, in regions
dominated by weak subsidence or ascendance (wsqo<20hPa/day), Zopaque distributions strongly
depend on the average wsqy: Zopaque are distributed at higher altitudes for more negative wsgin
present and future simulations (left regime in Figure 4a and 6a). Hence, weakening ascendance
would lead to a decrease in Zopaque in the future if the joint Zopaque-wsy distribution remained
constant. This relationship, however, does not remain constant: instead, it evolves towards higher
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Zopagque for any wse<0 (Figure 6a). Thus, regions of predicted weakened ascendance (red 5 in Figure
5c) will see a decrease in Zopaque if wsgo changes (dynamic) are more important than changes in the
joint Zopaque-wsgyg distribution (thermodynamic). This is the case over the Warm Pool or the South
Pacific Convergence Zone (Figure 5e). In such regions, the evolution of Zopaque is dominated by
dynamic changes, and not by thermodynamic changes. Regions of predicted weakened ascendance
could see an increase in Zopaque if changes in the joint Zopaque-wsgy distribution are more

important than changes in the wsyin the region. Such regions appear rare in Figure 5e.

In contrast with CESM1, the IPSL-CM6 joint Zopaque-wsg, distributions in current and future
climate (Figure 4b and 6b) are rather stable with wsqo, except in the £15hPa/day range, where it
fluctuates wildly. Hence, changes in predicted wsq (dynamic changes) have little influence on the
predicted Zopaque, except in regions where wsg get close to or through the +15hPa/day range: for
instance, over the edges of the central pacific equatorial area wsy gets close enough to zero to
trigger a strong rise in Zopaque. These changes in Zopaque are driven by dynamic changes. Regions
of predicted weakened ascendance (red 5 in Figure 5d), as long as the average wsgremain out of the
+15hPa/day range, are instead affected by the change in joint Zopaque-wsg, distribution (Figure 6b),
which predicts a general rise, observable for instance over the warm pool. Such changes are driven
by thermodynamic changes. Thus, in IPSL-CM6 predictions, both dynamic and thermodynamic

changes lead to increases in Zopaque.

Regarding the opaque cloud cover (Figs. 6¢c and d), both models predict a decrease of Copaque
in average (-2.4% for CESM1 and -2.1% for IPSL-CM®6). But, CESM1 predicts Copaque will decrease in
all regimes, most in ascendance and less in subsidence (Figure 6c), while IPSL-CM6 predicts an
increase of Copaque in ascendance and a decrease in subsidence (Figure 6d). So, for increasingly
negative wsy, CESM1 and IPSL-CM6 agree on the evolution of Zopaque (they both make it rise) but

on the evolution of Copaque (they both make it decrease).
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In summary, CESM1 predicts no change in Zopaque while IPSL-CM6 predicts a rise of opaque
clouds for any fixed wsgy, but the general weakening of the vertical winds across the Tropics
sometimes takes priority over this rise and leads to a decrease in Zopaque. Zopaque changes in
CESM1 appear driven by dynamic changes everywhere. IPSL-CM6 changes of Zopaque appear mostly
driven by thermodynamic changes, except in regions of weak ascendance and subsidence where
dynamic changes dominate. What drives the Zopaque changes is thus dependent on the shape of the

joint Zopaque-wsyo distribution in the model.

5.3 Changes in distributions of cloud radiative effect vs. dynamic regimes

Since we find the future change of clear-sky upwelling TOA flux is 5-12% of the change of the
all-sky upwelling TOA flux in both models, we can suppose that the evolution of the CRE is mainly
related to changes in clouds. Following again the Vaillant de Guélis et al. (2018) approach shows that
opaque clouds still dominate the CRE in future climate conditions (87% for IPSL-CM®6, 84% for

CESM1), so we can again interpret the CRE changes in light of opaque cloud property changes.

The future CRE,y will decrease in all regimes according to CESM1 (Figure 6e). This is consistent
with its predicted decrease of Copaque (Figure 6c), but not with its predicted rise in Zopaque (Figure
6a). Thus the evolution of Copaque drives the evolution of the CRE,, for CESM1. IPSL-CM6 predicts
an increase of CRE,y in moderate ascendance (-50 <wsgp< 0 hPa/d, Figure 6f), consistent with its
predicted increase of Zopaque and Copaque. IPSL-CM6 predicts a decrease of CRE,y, in subsidence,
consistent with the predicted decrease in Copaque (Zopaque does not change). This decrease

dominates the evolution of the CRE,, PDF in IPSL-CM®6 predictions (right side of Figure 6f).

The future CREsy will be weaker in all regimes according to CESM1 (Figure 6g), except in strong
ascendance. This weakening is consistent with the decrease CESM1 predicts for Copaque, the main

driver of CREsy. IPSL-CM6 predicts a stronger CREsy, in ascendance (Figure 6h), consistent with the
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increase predicted for Copaque (Figure 6d). The opposite is true in the right regime, where IPSL-CM6

predicts a weaker CREsy, linked to a decrease in Copaque.

The future CRE,; will change little overall according to the two models (Figs. 6i and 6j),
especially in the most frequent regimes (-25hPa/d to 25hPa/d) which stay constant. In moderate to
strong ascendance (wsg<-25hPa/d), the future CRE,.; will be more strongly negative according to
both models. For CESM1, this is due to the decrease predicted for the CRE,y, which in strong
ascendance is not compensated by a decrease in CREsy. As shown above, in this case Copaque
changes drive the evolution of the CRE,y, hence the Copaque decrease predicted by CESM1 is
responsible for the CRE,.; change in strong ascendance (Figure 6i). For IPSL-CM6, the change is due to
the stronger CREsy, driven by the increase predicted for Copaque. In moderate to strong subsidence
(wsgo>25hPa/d), both models predict a weakening of the future CRE,, linked to a weaker CREsy
caused by a decrease Copaque. In the end, the small predicted CRE,; changes (in both subsidence

and ascendance) are due to Copaque changes in both models.

In summary, in the future, in ascendance, CESM1 raises Zopaque (increase of CRE,,, more
warming) and decreases Copaque (decrease of CREgy, less cooling and decrease of CRE,y, less
warming). Since CESM1 actually predicts a CRE,,.; more negative (more cooling), only the effect of
Copaque on the CRE,y is consistent with this change, and Copaque changes drive the evolution of the
CRE,c; in CESM1. In the current climate, CESM1 overestimates Copaque (Figure 4c). It is therefore
unclear whether the CRE,; changes predicted by CESM1 are reliable. In the future, IPSL-CM6 raises
Zopaque (increase of CRE,y, more warming) and increases Copaque (increase of CREsy, more cooling
and increase of CRE.y, more warming). Since IPSL-CM6 predicts a CRE,; slightly more negative (more
cooling), again the Copaque changes drives the evolution of the CRE,. through its impact on the

CREsw. In subsidence, there are no changes in the CRE,.;for both models in the future.
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6 Discussion of future changes and their origins

6.1 Overview of future changes in dynamic regimes

Figure 7 sums up how models simulate, in the current and future climate, opaque cloud
distribution and CRE. Looking first at cloud properties, in current climate compared to observations,
CESM1 underestimates Zopaque everywhere (most in subsidence) while IPSL-CM6 overestimates
Zopaque everywhere (most in ascendance, Figure 7a). Both models overestimate the cover of
opaque clouds (Figure 7b). In the future climate, CESM1 predicts an increase of Zopaque for wsy< -5
hPa/d and a decrease of Zopaque for wsgy> -5 hPa/d, while IPSL-CM6 predicts an increase of Zopaque
everywhere (Figure 7a). For Copaque, CESM1 predicts a decrease everywhere in the future, while

IPSL-CM6 predicts a slight decrease for wsge>-5 hPa/d and an increase for wsg<-5 hPa/d (Figure 7b).

When considering the CRE, (Figure 7c), both models simulate it quite well in current climate
in ascendance (wsg < -5 hPa/d) compared to observations, but they underestimate it elsewhere. In
the future, both models predict a decrease of the CRE,y, everywhere, except in ascendance (wsgy< -5
hPa/d) where IPSL-CM6 predicts an increase. Considering the CREsy, (Figure 7d), in the current
climate, both models overestimate the CREsy, everywhere compared to observations. In the future,
CESM1 predicts a weaker CREsy in all regimes, consistent with the predicted decrease in opaque
cloud cover (Figure 7b). IPSL-CM6 predicts that in the future CREsy will strengthen for wsee < -5 hPa/d
and will weaken elsewhere: consistent with more opaque clouds for wsg < -5 hPa/d, but not
consistent with more opaque clouds for wsg > -5 hPa/d. Considering the CREnet (Figure 7e), both
models overestimate it a lot compared to observations. In the future, CESM1 predicts a stronger
CRE, . for wsgp< -5 hPa/d but a weaker CRE,; elsewhere, while IPSL-CM6 predicts no change in

overall CRE,; in any regime.

For CESM1, the changes in Copaque in all regimes dominate the future evolution of the CRE,y,
of the CREsy, and of the CRE, . For IPSL-CM6, there are only very little changes in Copaque or CRE

21



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506
507

508

509

510

511

512

513

514

515

516

517

in any regime. Most noticeable is the increase in Zopaque , but this increase is only strong enough to

make the CRE rise in ascendance (wsgo< -5 hPa/d).

The radiative biases of each model in current climate compared to observations stay relevant
in the future, and the cloud property biases they come from become stronger. CESM1 simulates a
CRE,; too negative in current climate compared to observations (PDF CRE, to the right of Figure 6i),
linked to an overestimation of Copaque (20-60%) and an underestimation of low Copaque (<20%).
This mechanism stays valid in future predictions, but with a decrease of Copaque which leads to a
decrease in the CRE,y well compensated by the decrease of CREgy. IPSL-CM6 predicts in future
conditions a strengthening of the CREsy, in moderate ascendance (-50hPa/d < w500 < OhPa/d), a
situation that it overestimates in current climate compared to observations (Sect. 4.3). In these
conditions, it also predicts a strong rise (+2km) in the altitude of opaque clouds, which were already
too high in current climate compared to observations. Through an increase in CRE,y, these changes
help compensate the strengthening of CREsy, and bring the CRE,; close to the one IPSL-CM6

simulates in current climate conditions.

6.2 Impact of dynamic vs. thermodynamic changes on cloud properties

Finally, we try to evaluate, for each variable, if the simulated changes are due to changes in
the wsq distribution alone (dynamic changes), or to changes in the relationship between the variable
and wsy (thermodynamic changes). To do this, we consider the following. The Zopaque PDF is
equivalent to the product of the wsy PDF and the joint Zopaque-wsg distribution. Multiplying the
current wsgy PDF by the future joint Zopaque-wsg distribution yields the future Zopaque PDF
attributable to the change in the joint Zopaque-wsy distribution alone. Multiplying the future wsg
PDF by the current joint Zopaque-wsq, distribution yields the future Zopaque attributable to the
change in the wsq, distribution alone (see Figure S7). Subtracting each of those PDFs to the PDF of
Zopagque in current climate quantifies the change to the Zopaque PDF due to the change in either the
Wwsgo distribution or the joint Zopaque-wsg distribution. We applied this methodology to each cloud
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property and radiative effect. The obtained numbers are reported in Table 3, which shows the total
predicted change between PDFs of cloud property and radiative effect due (1) only to the change in

the wsqyo distribution, and (2) due only to the change in the relationship between wsy and the

considered variable. Table 3 suggests that overall, for most variables, the changes in the relationship

between the dynamic conditions and the variable (thermodynamic changes) drive its change in the
future climate, with the changes in wsy (dynamic changes) being secondary. Exceptions are the
opaque cloud cover, and SW and total CRE changes predicted by IPSL-CM6, which appear to be

primarily driven by changes in the distribution of atmospheric dynamics. These are however the

properties that change less between current and future climate conditions.

Change in variable distribution

Due to change in wsgg

Due to change in

only relationship only

CESM1 Zopaque 11% 24%
Copaque 7% 25%

CRE LW 11% 23%

CRE SW 12% 21%

CRE net 4% 6%

IPSL-CM6 Zopaque 11% 57%
Copaque 15% 10%

CRE LW 15% 27%

CRE SW 14% 11%

CRE net 10% 6%

Table 3: Change in the distribution of cloud properties and CRE due to changes in the w5y distribution only, and due to
the changes in the relationship between the property and the wsy, only (see methodology and Figure S7 in the

Supplementary Information). The bold values are the largest correlation coefficient for each variable.
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7 Summary and conclusions

This paper had three goals. To reach the first, we established the link between atmospheric
circulation, opaque cloud properties (altitude and cover) and Cloud Radiative Effect, in present day
climate based on 7 years of observation. Our second goal was to investigate the same link in present-
day simulations from 2 climate models. We found that compared to observations CESM1
overestimates medium (40%) opaque cloud covers, and underestimates large (60-80%) and small (0-
20%) opaque cloud covers. CESM1 also overestimates low opaque cloud altitude (<1 km). IPSL-CM6
overestimates opaque cloud cover (+7.7 % on average, PDF shifted to high values) and overestimates
high opaque cloud altitude in the present climate. In both models, CRE,\y is driven by both Zopaque
and Copaque while CREsy is only driven by Copaque, in agreement with Guzman et al. (2017) and
Vaillant de Guélis et al. (2017b). The relationship between opaque cloud properties and atmospheric
dynamics is well simulated in CESM1 in current climate compared to IPSL-CM6 simulations, but the
distribution of medium Copaque (20-50%) is extremely different compared to observations. Most
notably, IPSL-CM6 overestimates the amount of weak ascendance and, in this condition, significantly
overestimates the Zopaque (+2km). This overestimation of Zopaque helps IPSL-CM6 balance other
errors to get its predicted CRE,. close to observations. For CESM1, it is the Copaque ~ 40% and the
CREsw that are overestimated, which lead to an overestimate of the CRE,;, especially in the left
regime (ascendance and weak subsidence). Even though the climate sensitivity and cloud feedback
amplitude are quite similar for both models and fall within the CMIP6 spread, each model simulates

cloud properties in a very different way.

To reach our third goal, we examined how climate models simulate the evolution of cloud
properties and atmospheric dynamics in the Tropics during the next century, according to the RCP8.5
scenario. Both models in future climate predict weaker ascendance and weaker subsidence motions
in regions dominated by ascendance and subsidence in current climate, respectively, consistent with

many previous studies (e.g. Vecchi and Soden, 2006; Su et al., 2014). CESM1 in the future predicts
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more medium opaque clouds (40%) but less extreme values (0-20% and 60-80%). It also predicts that
the PDF of Zopaque shift down a little in the future. IPSL-CMS6, in the future, predicts a slight
decrease in average (-2.1%, Figure 5h) but significantly higher (+1.84km) opaque clouds almost
everywhere in the Tropics. The PDF of high Zopaque shifted by +2 km while the PDF of Copaque
remains stable in the future. Both models predict very little change in the mean net CRE in the future
on average. Small but noticeable changes in the net CRE (in relatively strong ascendance or
subsidence) can be explained by predicted changes in Copaque for both models, with changes in
cloud altitude having little influence. Even the very strong rise in Zopaque predicted by IPSL-CM6 in a
regime it generates too frequently (-50hPa/d<wsg<-25hPa/day) has no significant impact on the
evolution of the CRE,. IPSL-CM6 strongly overestimates Zopaque in current climate compared to

observations in the same regime.

Our results show that even though the dynamic distribution (i.e. the wsgo) is the main influence
on model biases in ascendance in current climate conditions, changes in thermodynamic effects (e.g.
the temperature) are instead responsible for most of predicted changes in cloud properties and CRE.
This is true overall in both models for the altitude of attenuation of opaque clouds, and thus for their
vertical distribution. These conclusions change depending on the model and the location: in CESM1,
changes in the altitude of attenuation appear driven by changes in dynamic conditions in regions
dominated by ascendance and weak subsidence, and driven by changes in thermodynamic conditions
in regions dominated by strong subsidence. These results agree well with those from Xu and Cheng,
2016 who showed that, in weak subsidence, dynamic changes have a strong impact on cloud
feedback while thermodynamic changes have a strong impact on cloud feedback in moderate-to-
strong subsidence and strong convection. We find the opposite true in IPSL-CM6, due to the strong

differences in the shape of the joint Zopaque-wsg distribution in both models.

In the end, we find that the variables affected by model biases in current climate conditions

change significantly in future climate condition, in a way that affect the CRE and cloud feedbacks. Our
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results suggest that the representation in each model of opaque cloud properties in the current
climate, including its relationship with atmospheric dynamics, has a strong impact on the model
cloud feedback predictions. In the future, we hope to be able to leverage GCM simulations with high
temporal resolution to investigate the impact that short-timescales processes can have on the

relationship between cloud properties and their possible feedbacks.
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609 Figure 1: Maps of (a) vertical velocity at the 500 hPa level (ws,) according to ERAS reanalysis, (b) Zopaque and (c)
610 Copaque according to CALIPSO GOCCP observations. Red represents ascending regions (wsg,<0), high Zopaque

611 (Zopaque>3km) and large Copaque (Copaque>40%). Blue represents descending regions (wsg>0), low Zopaque

612 (Zopaque<3km) and small Copaque (Copaque<40%). Tropics [30°S-30°N] multi-annual mean averaged over the 2008-

613 2014 period.

614
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Figure 2: Normalized histogram showing the distribution of (a) Zopaque [km] and the vertical velocity at 500 hPa, wsg
[hPa/d], and (b) Copaque [%] and wsy, [hPa/d] considering values from all year monthly mean values over a 2°x2° grid
[30°S-30°N], ocean only, for the 2008-2014 period combined with the probability distribution of monthly wsy, [hPa/d]
over the 2008-2014 period. Zopaque and Copaque come from CALIPSO GOCCP observations, wso, from ERA5 reanalysis.

The dotted vertical line represents wsgo= +20 hPa/d. The dotted black curve represents the distribution over the 2008-

2014 period according to GOCCP observations. To normalize, we divide Zopaque (Copaque) occurrences along the y-axis

by the total number of occurrences in each wsq bin. Hence, the sum of the normalized occurrences of Zopaque

(Copaque) for a given wggy is 1. wsgy ranges containing less than 2000 absolute occurrences are masked (white).
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626 Figure 3: Maps of (a and b) vertical velocity at 500 hPa (wsqo) from climate models in current climate. Maps of
627 differences between models and observations (c and d) vertical velocity at 500 hPa (wsq), (e) and (f) opaque cloud

628 altitude (Zopaque) and (g) and (h) opaque cloud cover (Copaque). Left column refers to the CESM1 model and the right
629 column to the IPSL-CM6 model. Observations of Copaque and Zopaque are from CALIPSO-GOCCP, and w5y, from ERA-5
630 reanalyses. Black lines in a and b show the wsq,= 0 hPa/d isocontour in ERA5 reanalyses. All data averaged over the

631 2008-2014 period.
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Figure 4: Normalized histogram showing the distribution of (a and b) Zopaque [km], (c and d) Copaque [%], (e and f)
CRE,,y [W/m?/K], (g and h) CREs,, [W/m?/K] and (i and j) CRE,.. [W/m?/K] and the PDF of the vertical velocity at 500 hPa,
Wsgo [hPa/d] in the Tropics [30°N-30°S], ocean only. The CESM1 model is in left column (red curves) and the IPSL-CM6
model in the right column (blue curves). wsyo ranges containing less than 2000 absolute occurrences for CESM1 and less
than 1000 absolute occurrences for IPSL-CM6 are masked (white). The dotted black curve represents, for each variable,
the distribution over the 2008-2014 period according to GOCCP observations and CERES observations and the black curve
represents the distribution over the 2008-2014 period according to CESM1 and IPSL-CM6 simulations. The error bars
show the * 2 standard deviation of the 7-years means. PDF of monthly (a and b) Zopaque, (c and d) Copaque, (e and f)
CRE,y, (g and h) CREg, and (i and j) CRE, to the right of each normalized histogram. PDFs of monthly wsg, under
normalized histograms of CRE,,.;. The grey shadows represent the distribution over the 2008-2014 periods according to

GOCCP observations (cloud properties), CERES observations (CRE) and ERA5 reanalysis (wsgo).
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646 Figure 5: Maps of (a and b) vertical velocity at 500 hPa (wsg,) from climate models in future climate. Black lines in a and b
647 show the wsgo = 0 hPa/d isocontour in present climate conditions. Maps of differences between future (2089-2095) and

648 current (2008-2014) climate previsions of (c, d) vertical velocity at 500 hPa (wsg), (e, f) opaque cloud altitude (Zopaque)

649 and (g, h) opaque cloud cover (Copaque) in CESM1 (left column) and IPSL-CM6 (right column). Current climate is the

650 reference.
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Figure 6: Differences between future and current normalized histograms of (a and b) Zopaque [m], (c and d)
Copaque [%], (e and f) CRE,,, [W/m?/K], (g and h) CREs,, [W/m?/K] and (i and j) CRE, . [W/m?/K] and the PDF of the
vertical velocity at 500 hPa, wsy, [hPa/d] in the Tropics [30°N-30°S], ocean only. The CESM model [2089-2095 / 2008-
2014] is in left column (red curves) and the IPSL model [2089-2095 / 2008-2014] in the right column (blue curves). wsqo
ranges containing less than 5000 absolute occurrences for CESM1 and less than 2000 absolute occurrences for IPSL-CM6
are masked (white). PDFs of monthly (a and b) Zopaque [hPa/d], (c and d) Copaque, (e and f) CRE,,, (g and h) CREs,, and
(i and j) CRE,, to the right of each normalized histogram. The last row shows PDFs of monthly wsy,. Grey shadows
represent the distributions of cloud properties according to GOCCP observations, of CRE according to and CERES
observations (panels a-j) and the wgq, distribution from ERAS5 reanalysis (w500 distribution, bottom) over the 2008-2014

period. Full curves represent the 2008-2014 period and dotted curves represent the 2089-2095 period.
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Figure 7: Mean values of (a) Zopaque, (b) Copaque, (c) CRELW, (d) CRESW and (e) CREnet over wsq=+20/+70
hPa/d (right of each plot), wg=-5/+20 hPa/d (center of each plot) and wsq,=-100/-5 hPa/d (left of each plot) in the
Tropics [30°S-30°N], ocean only. Observations (black) of Zopaque and Copaque are from CALIPSO-GOCCP (2008-2014)
and observations of CREs are from CERES-EBAF (2008-2014). Simulations are from CESM (red) and IPSL-CM®6 (blue)

averaged over the 2008-2014 period (no pattern) and over the 2089-2095 period (dashed pattern).
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