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Abstract. Atmospheric heating gradients caused by upper tropospheric (UT) clouds, most abundant in the tropics, influence
the atmospheric circulation which then affects patterns of precipitation. We use climate simulations to investigate how the
radiative heating from UT clouds affects the large-scale circulation and how the circulation, in turn, influences precipitation.
First, we present new observational metrics derived from satellite observations to demonstrate how much the simulated UT
cloud properties (ice water path and radiative heating rates) depend on the parameterizations of UT cloud ice and microphysics
(single-scattering properties and fall speed). We then examine the consequences of UT cloud — radiation interactions on the
Hadley circulation by performing two sets of experiments with UT clouds transparent to radiation, differentiating between
semi-transparent and opaque UT clouds. Using ensemble simulations, we are also able to separate immediate effects and
feedbacks which build up subsequently. The distribution of UT clouds with respect to their optical depth is key in the sign of
the dynamical effect: Semi-transparent cirrus weaken the Hadley circulation by decreasing the meridional heating gradients,
whereas opaque UT clouds strengthen the circulation by concentrating radiative heating in the core of the Intertropical
Convergence Zone. Furthermore, the radiative heating of the opaque UT clouds is strong enough to considerably affect the

precipitation through changes in moisture convergence which itself has been changed by the Hadley circulation.

1 Introduction

Covering about 30% of the Earth (e. g. Stubenrauch et al. 2024), upper tropospheric clouds play a vital role in modulating the
Earth’s energy budget and heat transport. These clouds, most abundant in the tropics, form either as cirrus anvils from outflow
of deep convection or as cirrus by in situ freezing. Cloud processes fundamentally control how feedbacks take place: Climate
warming will change tropical convection, which then alters the upper tropospheric (UT) cloud systems, strongly impacting the
atmospheric heating. Changes in atmospheric heating gradients influence the atmospheric circulation which then affects the
patterns of precipitation.

We have used climate simulations to reply to the following question: How does the radiative heating from UT cloud systems

affect the large-scale circulation and how in turn does the circulation influence convection and precipitation?
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When convection changes due to climate warming, cloud structure and amount will respond. This then alters the Earth energy
balance, causing an additional change of surface temperature. Experiments with climate models suggest that these feedbacks
lead to a narrower but more intense latitudinal precipitation band and larger regions with a dry free troposphere (e. g. Mauritsen
and Stevens, 2015). Idealized climate experiments traced the cirrus anvil rise and their horizontal shrinking to the dependence
of static stability on temperature and pressure (Bony et al., 2016), while a climate feedback process study (Gehlot and Quaas,
2012) suggests a prolonged lifetime and a larger amount of clouds from convection in a warmer climate.

The dynamical response of the climate system to the atmospheric heating induced by UT clouds can only be quantified by
large-scale modelling. The importance of this feedback connection has long been demonstrated (e. g. Slingo and Slingo, 1991,
Lohmann and Roeckner, 1995; Bergman and Hendon, 2000) in accelerating the jet streams or strengthening the Hadley and
Walker circulations. Moreover, Byrne and Schneider (2018) have shown that the equilibrium climate sensitivity (ECS, which
describes how much the Earth will warm for a given emission of CO,) itself depends on the atmospheric circulation response
to the radiative forcing at the top of the atmosphere (TOA), particularly in the tropics. More recently, Haslehner et al. (2024)
have shown that the radiative interactions of UT clouds warm the entire troposphere, and in particular the upper troposphere,
and dominate the overall cloud impact responsible for a reduction in tropical precipitation.

The outcome of such feedback studies relies upon the representation of convection and detrainment as well as of ice optical
properties in these models. Del Genio et al. (2005) have revealed that the ECS of climate models depends on how much the
parameterized precipitation and detrainment efficiencies increase with surface temperature, as they offset each other in
regulating the TOA energy balance. Entrainment, slowing down the convective updraft, has been identified as another factor
influencing ECS (Zhao, 2014).

In this article, we utilize the LMDZ climate model (Madeleine et al., 2020) and first assess the sensitivity of the simulated
climate to parameterizations of ice cloud microphysics, including single-scattering properties and fall speed, besides the
representation of high cloud cover, which is closely linked to the grid cell variability of UT cloud water. We compare UT
cloud cover, ice water path and radiative heating rates with distributions of these variables derived from satellite observations.
The interaction between clouds and radiation, named as atmospheric cloud radiative effect (ACRE), is a strong modulator of
the global energy budget. Assessing the impacts of that interaction provides valuable insights into both present-day climate
and future projections.

After having chosen parameterizations which lead to the most realistic high cloud cover, ice water path distributions and
radiative heating rates, we study the dynamical effect induced by the interaction between radiation and 1) semi-transparent UT
clouds (cirrus) with IWP < 100 gm and 2) all UT clouds. While these cirrus clouds have been identified to warm the TOA,
the opaque UT clouds have a cooling effect at the TOA (e. g. Sokol et al., 2024).

By performing two sets of experiments, once making only semi-transparent UT clouds transparent to radiation and once
making all UT clouds transparent to radiation, we are able to distinguish on one hand the large-scale radiative effect on
atmospheric circulation and on the other hand the radiative effect together with the resulting convective coupling. While semi-

transparent UT clouds are expected to only affect the atmospheric circulation via their radiative impact, the radiative effect of
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opaque UT clouds, including convective towers and thick anvils, is also expected to balance the latent heating and therefore
precipitation.

This article is structured in the following way: Section 2 describes the changes which have been applied to parameterizations
concerning the modelling of large-scale UT clouds in the LMDZ climate model. Section 3 presents an evaluation of the LMDZ
present-day climate simulations using different satellite observations. In Sect. 4, we study the radiative impact of UT clouds,
distinguishing between semi-transparent and opaque, on the intensity of the Hadley cell and precipitation. Conclusions are
presented in Sect. 5.

2 Changes in UT cloud parameterizations of the LMDZ model

We start from the LMDZ atmospheric general circulation model version, which has been used in CMIP6 (Climate Model
Intercomparison Project for the 6! Assessment Report of the Intergovernmental Panel on Climate Change) and which is
detailed by Madeleine et al. (2020).

Since we are interested in the effect of large-scale UT cloud radiative effects, we have paid particular attention to the
parameterizations of bulk ice crystal single-scattering properties, used in the radiative transfer, large-scale cloud formation and

bulk ice crystal fall speed.
2.1 Bulk ice crystal single-scattering properties used in the radiative transfer

Radiative transfer in this version of the LMDZ model is based on the Rapid Radiative Transfer Model (RRTM; Mlawer et al.,
1997), with 6 wavelength bands in the SW domain and 16 bands in the LW domain.

Per atmospheric layer and radiative band, the cloud optical depth, t, necessary for the computation of the radiative fluxes in
RRTM, is computed as the product of mass extinction coefficient, Kex'®, (per unit mass of ice, in m?g?) and ice water path,
IWP. The parameterization of Ebert and Curry (1992; EC) assumes hexagonal ice crystals and expresses Kex'®®, the single-
scattering albedo, wo, and the asymmetry factor, g, for each of the spectral bands as functions of the effective ice crystal radius,
re. The latter increases linearly with the layer temperature, T, (lacobellis and Somerville, 2000). In the LW flux computation,
scattering is not considered and hence t(A, p) = 1.66 * Kans®(A, p) * IWP(p), Where kans'® is the mass absorption coefficient
per unit mass of ice.

We have replaced this parameterization by the one of Baran et al. (2016), which is based on single-scattering properties
computed from an ensemble model of cirrus ice crystals, with their habit depending on their size, from hexagonal columns and
bullet rosettes towards more complex columnar aggregates (Baran et al., 2014). Baran et al. (2016), then parameterized these
single-scattering properties directly as functions of the ice mass mixing ratio, Qice, given as ice mass per unit volume divided
by the mass of cloudy air per unit volume or ice water content, IWC, divided by air density (in kg/kg) and T, avoiding the
introduction of r.. However, it is the mass extinction coefficient per unit mass of cloudy air, kex®", which depends on gjice and

T, with Kext'® = Kex®/qjice. FOr the integration into the LMDZ code, we have chosen the coefficients of the spectral bands of the
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MetOffice GCM (for details of spectral bands and their widths see Baran et al., 2016) which are the closest (and very similar)
to the ones of the LMDZ GCM and use Kex'®.
Furthermore, for the computation of the LW fluxes, we have corrected the cloud optical depth for scattering effects by first
taking out the forward peak contribution (estimated as f = g2) from kex, wo and g, using the 8-function adjustment, and then
using these scaled variables to recompute the diffusion / two-stream effective optical depth (Joseph et al., 1976; Stephens,
1984). The formulas are given in Appendix A.

2.2 Large-scale cloud formation

In the LMDZ model, outside grid cells where shallow convection is active, the large-scale cloud cover, o', and in-cloud
condensed water, g.™'*¢, are computed using a generalized lognormal Probability Density Function (PDF), with a standard
deviation o proportional to the total water within the grid cell, g: (Madeleine et al., 2020). The relative variability of total water
within the grid cell, &, is then & = o/q.. At present, & increases from bottom to top of the atmosphere: It is set close to 0 for p
> 600 hPa, while in the upper troposphere, &yt is constant and can be tuned.

E(p) vs Pressure

057 == Eu0.4 (original)
Eur0.3
0.4 1=t ———— - &ur0.25exp
N £470.3%2

&(p)

Pressure [hPal

Figure 1: & (p) profile of the original LMDZ model (with &ut = 0.4 for UT clouds with p < 300hPa) and different modifications. & is
used to scale the standard deviation o of the large-scale cloud PDF, with ¢ = &qt.

The cloud cover depends on this width as well as on the value of the specific humidity at saturation, gsa;, cOmputed as the
integral of the specific humidity distribution from gsa: oOnwards. The in-cloud condensed water content is then the ratio of grid-
cell averaged condensed water, gc'*c, and cloud cover: gc™' = q¢! / a.*, with gc being composed of qiiq and gice, according to
the layer temperature. The fraction of liquid water is given by Eq. (13) and Fig. 3 of Madeleine et al. (2020). In general, a
larger & leads to a smaller cloud cover and a larger in-cloud IWP.

In the original LMDZ version, Eur is set to 0.4. The p-dependent change between lower and upper troposphere is given as a
tanh function. Since the current formulation of &yt leads to an UT cloud cover which is too small and an in-cloud IWP which

is too large, compared to satellite observations (see Sect. 3), we have built different formulations of yr: First, we have changed
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Eut to a constant 0.3, and then changed &ur(p) in such a way that it increases with height, once exponentially and once

quadratically. Figure 1 resumes these different formulations of & (p).
2.3 Bulk ice crystal fall speed

The current version of the LMDZ model uses a parameterization of Heymsfield and Donner (1990), which estimates the fall
speed, Vi, as a function of IWC only. Furthermore, this parameter is multiplied by a scaling factor of 0.8, which has been tuned
to achieve radiative balance at TOA.

@ “VF  — PSDM(snowlice)
E 0.45 HD90 P
>E 0-4: ‘_-’
0.35
0.3F
0.25¢
0.2}
0.15
0.1
0.05}
0" I
10 10 10 10
IWC (gm?®)
110 hPa (-75°C) —— 185 hPa (-55°C)
290 hPa (-35°C) —— 430 hPa (-15°C)

Figure 2: Fall speed as a function of IWC, scaled by a factor 0.8, as used in the LMDZ model, according to the parameterization of
Heymsfield and Donner (1990) and to a Particle Size Distribution Moment parameterization, based on Field et al. (2007), using
different coefficients for snow and ice.

Meanwhile, many airborne field campaigns and ground based radar measurements have shown that the fall speed not only
depends on IWC but also on T (e. g. Deng and Mace, 2008; Mitchell et al., 2011). In order to be more coherent with the
ensemble ice crystal model used in the radiative transfer (Sect. 2.1), we have implemented a parameterization based on the ice
Particle Size Distribution (PSD) itself. The Particle Size Distribution Moment (PSDM) parameterization of Field et al. (2007)
assumes an average T dependence, without distinguishing cirrus types and therefore formation processes, but differences are
introduced by linking all moments of the PSD to the IWC (Stubenrauch et al., 2019; Equations S17-S23). The bulk fall speed
Vm is determined from the terminal fall velocity v:of a single ice or snow crystal by integration over the PSD. The mass and
the terminal fall velocity are often expressed as a power law of the ice crystal diameter, D: m = a * D° and v; = e * Df. We have
used two sets of coefficients (a, b, e, f), one for ice and one for snow, and the complete PSDM parameterization of vy, is given
by the equations S45 — S50 in the supplement of Stubenrauch et al. (2019).
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From Fig. 2, we deduce that the additional T dependence reduces the slope of the v - IWC relationship for a given T.
Furthermore, it allows v, to differ in cirrus with the same IWC according to T-dependent changes in ice crystal sizes and

habits, leading to a larger v at larger T.
3 Evaluation of ice cloud parameterisations with data

We have simulated a climatological January and July. For each, we have performed 30 ensemble runs. This means that we
have simulated each month 30 times, changing slightly the initial conditions. These 30 simulations are averaged for the present-
day climate comparisons with satellite data.

In addition to the simulation using the original LMDZ parameterizations, we have performed one-month present-day
simulations with the changes in the parameterizations discussed in Sect. 2. After several trials, we present a comparison of the

parameterization configurations shown in Table 1.

Table 1: Summary of the LMDZ parameterization configurations tested in this study.

Model name SSPs Vim Eut

EC Eur 0.4 (original LMDZ) hexagonal columns ~ f(IWC) 0.4

Baran &ur 0.4 complex particles  f(IWC) 0.4

Baran &ur 0.3 complex particles  f(IWC) 0.3

Baran Eur 0.25exp complex particles  f(IWC) 0.373exp(-0.005p) + 0.128, for p <400 hPa
Baran &yt 0.3XVnm complex particles ~ f(IWC,T) 0.3 + (0.0014(p - 300))?, for p < 300 hPa

3.1 High cloud cover

High cloud cover in the GCM simulations is computed as grid cell coverage by cloud layers with a cloud top pressure < 440
hPa, assuming a maximum overlap between adjacent cloud layers and random overlap between cloud layers separated by
layer(s) of clear sky.

For the evaluation of the simulated present-day climate high cloud cover, we use monthly averages of high cloud amount
(CAH) from the updated GEWEX cloud assessment database (Stubenrauch et al. 2024; CAH files available at
https://gewexca.aeris-data.fr/). This cloud amount corresponds to the one observed from satellites, with a view from above,
for clouds with cloud top pressure < 440 hPa. Since lidar and IR sounders are the most sensitive to cirrus clouds, we use the
datasets CALIPSO-ST (Science Team; Liu et al., 2019), CALIPSO-GOCCP (GCM-Oriented CALIPSO Cloud Products;
Chepfer et al., 2010) and AIRS-CIRS (Clouds from IR Sounders; Stubenrauch et al., 2017).

CALIPSO-GOCCP and CALIPSO-ST essentially differ in the method of noise reduction: the first one uses vertical averaging
while the second one uses harizontal averaging. CALIPSO-ST also uses an improved aerosol-cloud discrimination. In addition
to the high cloud amount of the uppermost cloud layer (TOP_LAYER_CALIPSO-ST), CALIPSO-ST also reports CAH of
high clouds with visible optical depth larger than 0.3 (PASSIVE_CALIPSO-ST).
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While the lidar observes the real cloud top, the IR sounders determine a cloud height after having penetrated into it over an
optical depth of about 0.5, slightly less and slightly more for opaque and semi-transparent clouds, respectively (Stubenrauch
etal., 2017; Fig. 4a). This effect does not influence CAH of AIRS-CIRS in the tropics and subtropics, because the tropopause
is high, but at higher latitudes where the tropopause decreases, some of the high clouds are moved into the category of mid-
level clouds (Stubenrauch et al., 2024). Therefore, we only show the results of AIRS-CIRS between 30°N and 30°S.

Figure 3 presents the high cloud cover derived from these retrievals compared with the different present-day climate

simulations, separately for a climatological January (a) and July (b).

(a) Jan (b) Jul
0.9 0.9
== EC&yr 0.4 (orig) == CALIPSO-COD>0.3 = = EC &yr 0.4 (orig) = CALIPSO-COD>0.3
0.8 4 == Baranéyr 0.4 === CALIPSO-ST 0.8 4 == Baran &7 0.4 » s« CALIPSO-ST
= = Baran &7 0.3 = = CALIPSO-GOCCP -++ Baran &y 25exp == CALIPSO-GOCCP
0.7 4 ~---Baran & 0.25exp = = AIRS-CIRS 0.7 4 == Baran £,;0.3x%,, ~ — ~ AIRS-CIRS
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Figure 3: Zonal mean high cloud cover for a) January and b) July, from satellite retrievals (CALIPSO and AIRS) and from LMDZ
present-day climate simulations using different parameters in the parameterizations concerning UT clouds.

The satellite retrievals show very similar results, except at latitudes higher than 40° during winter. The much larger CAH of
CALIPSO-ST is linked to the detection of optically very thin clouds due to the better vertical resolution than of CALIPSO-
GOCCP. It is interesting to note that UT clouds with an optical depth > 0.3 occur about 10% less. This explains the difference
in high cloud cover at mid- and high latitudes during winter between CALIPSO-ST and CALIPSO-GOCCP.

The CAH of the original LMDZ simulation shows a latitudinal variation close to the one of the observations, in particular with
the peak in the tropics, but CAH lies 0.1 to 0.2 below the observed values, both in January and in July. As expected, CAH is
not sensitive to the change in the bulk microphysical ice cloud properties, but it is sensitive to &ur, in particular in the tropics.
By decreasing &ut from 0.4 to 0.3, CAH increases in the tropics by about 0.1 and agrees very well with the observations. The

change in the shape of &ut(p) is less relevant for CAH.

3.2 IWP
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As we want to study the dynamical effect induced by the interaction between radiation and semi-transparent cirrus clouds (in-
cloud IWP < 100 gm-?), we need to verify the simulated IWP distributions. Since the IWP covers several orders of magnitude,
distributions are difficult to compare (e. g. Eriksson et al., 2025). Therefore, we directly compare in Fig. 4 the fraction of
tropical cases with the in-cloud IWP smaller than a certain threshold, as a function of this threshold.

Since satellite retrievals of in-cloud IWP use different vertical resolutions and assumptions on ice cloud microphysics, we
compare the LMDZ present-day simulations to two datasets derived from combined lidar-radar measurements of the CALIPSO
and CloudSat missions: DARDAR (raDAR-IiDAR; Cazenave et al., 2019) and 2C-ICE (Deng et al., 2015). As the horizontal
resolution of the radar footprint is about 2.5 km x 1.4 km, given on nadir tracks, we average the in-cloud IWP over 250 km.
From Fig. 4 we deduce that the two retrievals give similar results, with 2C-ICE slightly more sensitive to thin cirrus: In the
tropics, 45 to 55% of the detected UT ice clouds have an IWP < 10 gm2. About 85 to 90% of all tropical UT ice clouds have
an IWP < 100 gm? (corresponding to a TOA warming effect according to Sokol et al., 2024).

100

Fraction < Threshold (%)

—e— Baran £;,03x? vy —A— Baran §;0.3x2  =O— DARDAR (Obs)

—=— Baran &,,0 25exp —¥— Baran §,,0.4 =0= 2C-ICE (Obs)
<+~ Baran £,70.3 —— EC {ur0.4
I L 1 I L I L I I
0 20 40 60 80 100 120 140 160 180 200

IWP Threshold (g/m?)

Figure 4: Fraction of cases with in-cloud IWP smaller than a certain threshold as function of this threshold, in the tropics (30°N-30°S), for
two different satellite retrievals using CloudSat-CALIPSO data and for the LMDZ present-day climate simulations using different parameters
in the parameterizations concerning UT clouds. Statistics of January.

When considering the LMDZ simulations, only 15 to 30% of the tropical UT ice clouds have an IWP < 10 gm, and 47 to
70% have an IWP < 100 gm™. In particular, the original LMDZ parameterization leads to a tropical in-cloud IWP distribution
which is far from the retrieved ones, with 47% instead of expected 85 to 90% of UT ice clouds with IWP < 100 gm-,

Figure 4 also shows that the decrease in Eur is the most efficient method to improve the fraction of UT clouds with IWP < 100
gm2. However, the IWP distribution is still shifted towards larger IWP values compared to the satellite retrievals. Changing
from a constant to a p-dependent function like a square function increases more the thinner part of cirrus, and the change in
the fall speed parameterization leads to a further improvement.

3.3 Diabatic heating
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Since the CALIPSO-CloudSat data are only sampled along very narrow nadir tracks, Stubenrauch et al. (2021) have developed
scene-dependent models, based on artificial neural network regression and trained with NASA CloudSat-lidar FLXHR
radiative heating rates (v4; Henderson et al., 2013), to be applied on AIRS-CIRS data in order to expand these heating rates in
space (onto the AIRS orbits) and in time (2004-2018). We use these radiative heating fields of the CIRS-ML dataset (available
at https://gewex-utcc-proes.aeris-data.fr/data/), given at a spatial resolution of 0.5° latitude x 0.5° longitude, for the comparison
with the present-day climate simulations.

Before comparing these heating rates to those simulated, we need to bring them to a similar horizontal and vertical resolution.
As the CIRS-ML radiative heating rates are given on 20 layers between 1000 and 100 hPa, we need to average the simulated
heating rates, which are given at 45 layers. This affects mostly the layers in the lower troposphere, because from a height of
500 hPa upwards the vertical resolution of the simulations and of CIRS-ML is similar. Furthermore, we investigate the
atmospheric cloud radiative effect over grid cells which are covered by more than 80% of high-level clouds. The atmospheric
cloud radiative effect (ACRE) when these clouds are present, is then computed by subtracting the monthly mean clear sky
radiative heating rates from the radiative heating rates averaged over 1.5° latitude x 2.5° longitude grid cells with a high cloud
cover > 80%. These cases correspond to about 31% of all grid cells between 10°N and 20°S in January.

Figure 5 presents these ACRE profiles, separately for SW and LW, as well as the latent heating profiles, from CIRS-ML and
from the simulations using the parameterizations described above. According to Voigt et al. (2024), the NASA FLXHR
radiative heating rates may have a low bias of about 20% in the upper troposphere (above a height corresponding to 450 hPa).
This is indicated by a 0.15-K/day-wide-grey-shading in the LW in Fig. 5.

As expected (e.g. Sepulveda Araya et al., 2025), ice crystal complexity leads to weaker ice cloud radiative heating: When
comparing to the CIRS-ML observations, the SW ACRE profiles in Fig. 5a show a clear improvement in the UT heating when
moving from single-scattering properties of hexagonal columns (Ebert and Curry, 1992) to the ones of more complex ice
crystals (Baran et al., 2016). The other parameterizations do not affect anymore the SW ACRE.

The single-scattering properties also affect the LW ACRE profiles, with a decrease in the heating between 250 and 600 hPa
when using more complex ice crystals in the radiative transfer, and again in better agreement with the observations as shown
in Fig. 5b.

In general, the shape of the LW ACRE is similar to the one of CIRS-ML, with a cooling around 200 hPa, from contributions
above high convective towers and thick anvils, and a warming below. While CIRS-ML show two other local minima of
warming around 400 and 550 hPa, the simulations show only one further local minimum around 600 hPa. The observed
secondary minima in the LW radiative heating profile likely reflect preferred cloud-layer boundaries associated with the multi-
layer structure of tropical cloud systems. The single minimum in the simulations suggests that the model does not fully capture
the observed vertical organization of tropical cloud layers, despite reproducing the dominant upper-tropospheric cooling above
and heating within the UT clouds.

While the simulations show also another warming of the atmosphere above 150 hPa, the observations show indeed an increase

in LW ACRE, but it stays below 0. This heating should be due to thin cirrus, which are optically thicker in the simulations

9
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than in the observations, as derived from Fig. 4. Additionally, we expect the CIRS-ML LW ACRE to be slightly underestimated
in the UT because of the difficulty of IR sounders to detect very thin cirrus in the tropical tropopause layer (TTL).

(a) (b) LW_uT (c) LH_UT
100 100 =T 100 =
2001 200 1 200 1
300 300 300
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Figure 5: Profiles of atmospheric cloud radiative effect (ACRE), (a) SW and (b) LW, and of (c) latent heating, averaged over grid
cells of 1.25° latitude x 2.5° longitude with more than 80% high-level cloud cover within the latitude band 10°N to 20°S in January.
The simulations using the different parameterizations described above are compared to observations (CIRS-ML). The 0.15-K/day-
wide-grey-shading indicates a plausible low-bias correction of the data in the UT.

Decreasing &ur from 0.4 to 0.3 leads to a smaller heating between 250 and 350 hPa and a larger heating below. When changing
to an exponentially increasing &ur with height, this increases the vertical gradient of the heating rates, in slightly less agreement
with the observations. Introducing a fall speed which also depends on T decreases the heating between 250 and 600 hPa further,
in particular around 350 hPa, closer to the observations, while the cooling around 200 hPa decreased so much that on average
it shows a slight warming. This can be explained by the fact that the ice crystals within the higher, thinner clouds do not fall
as fast as the ones within the warmer thicker clouds.

Apart from the change in SSPs and a slight decrease in &ut, which provide a clear improvement, the sensitivity to the change
to a vertically dependent Eur and to a T- and IWC- dependent fall speed, is of the same order (about 0.15 K/day) as the
difference with the observations. Nevertheless, the simulations seem still to slightly overestimate the LW heating effect.

The latent heating of UT clouds depends less on these parameterizations, and the model produces slightly too much latent
heating, as shown in Fig. 5c. Nevertheless, we observe that changing the SSPs alone has an increasing effect on the latent

heating, while increasing the high cloud cover (and therefore making the clouds optically slightly thinner) has the opposite
effect.
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Figure 6: Zonally averaged profiles of atmospheric cloud radiative effect (ACRE), in January. The simulations using the different
parameterizations described above are compared to the satellite retrievals (CIRS-ML, 2003-2018).

Figure 6 compares the zonal averages of the ACRE profiles for January between the satellite retrievals (CIRS-ML) and the
simulations, again using the parameterizations described above. The conclusion is similar to that using the tropically averaged
ACRE profiles of UT clouds. The original LMDZ code provides a heating between 200 and 500 hPa which is much larger
than the one observed, and we observe an improvement when changing the parameterization of SSPs of ice crystals and when
increasing the part of thinner UT ice clouds, by slightly decreasing the threshold of UT relative water variability as well as
including a T-dependence in the fall speed.

Finally, we compare the relationship between the vertically integrated ACRE and the vertically integrated latent heating (LP).
Figure 7 presents geographical maps of ACRE (colours) and LP (contours), for January and for July. Both the observations
(CIRS-ML, top) and the simulations (original LMDZ with EC £ur=0.4, middle, and Baran &yr=0.3x? vy parameterization,
bottom) show a tight coupling between LP and ACRE: the ACRE is largest in regions of heavy precipitation (LP). The
simulations agree relatively well with the observations, with slightly stronger LP gradients, as one would expect from the LH

profiles in Fig. 5c. We also observe that the slightly smaller ACRE maxima when using the Baran &ur=0.3X? Vm
parameterization agree better with the data.
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Figure 7: Geographical maps of vertically integrated atmospheric cloud radiative effect (ACRE, colours) and vertically integrated
latent heating (LP, contours), in January (left) and in July (right), over the latitudes 30°N-30°S, at a spatial resolution of 2.5° x 2.5°.
Panel rows (a) show observations from CIRS-ML (Chen et al., 2025). The present-day simulations are shown panel rows (b) and (c),
using the initial LMDZ parameterizations and using Baran &ut=0.3%? v, respectively.

4 Radiative impact of UT clouds on the Hadley circulation and on precipitation

The Hadley circulation transfers heat and moisture between the tropics and subtropics, playing an important role in setting
precipitation and temperature patterns, and therefore has been studied extensively (e. g. Raymond, 2000; Chemke et al., 2019;
Chen et al., 2020; De et al., 2021). Already, Rind and Rossow (1984) have highlighted that the Hadley circulation is sensitive
to numerous processes and interactions that can produce small changes with large consequences and concluded that for a
reliable prediction of changes in the Hadley circulation associated with climate warming one needs realistic representations of
these processes.

Our study focuses on the radiative-dynamical interactions of UT clouds, differentiating between semi-transparent and opaque
clouds.

In order to examine the radiative impact of the UT clouds on the dynamics, we have performed additional simulations in which
we have made these clouds transparent to the radiation, (i) both to SW and LW radiation and (ii) to LW radiation alone, as it
acts solely in the atmosphere. For each case, we have executed experiments with (1) only semi-transparent UT ice clouds and
(2) all UT ice clouds transparent to radiation.

These simulations, together with the control runs (CTRL), allow us then to differentiate the radiative effects of semi-transparent
UT clouds and the entire UT cloud population, by considering the differences CTRL - norad(IWP<100) and CTRL -
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norad(hgh), respectively. In addition, the radiative effect of opaque clouds is determined from the difference norad(IWP<100)
- norad(hgh), corresponding to CTRL — norad(opaq).

For climate simulations without UT cloud radiation interactions, we have modified the LMDZ module which prepares the
cloud optical properties for the radiative transfer in the following way: First, UT ice cloud occurrence in a grid cell is identified
by the maximum pressure layer with existing large-scale cloud ice (gice™"*(p) > 0 gm3) being smaller than 400 hPa. For these
grid cells, we compute the in-cloud IWP as the vertical integral of gice™'*. For the SW and LW radiative transfer, we then reset
in each layer with gice™'*°(p) > 0 gm™the cloud optical depth tice(p) = 0 for all grid cells with (1) 0 gm? < IWP < 100 gm
(norad(IWP<100) experiments) or (2) 0 gm < IWP (norad(hgh) experiments). This approach considers the radiative impact
of the ice part of large-scale UT clouds. According to a relatively smooth temperature dependence in the LMDZ (Madeleine
et al., 2020), chosen to agree with CALIPSO observations (Choi et al. 2014; Cesana et al., 2015), the ice fraction corresponds
to 100% of the condensed water for T(p) < -30°C, to 50% at T(p) = -25°C, to 20% at T(p) = -10°C and to 0% for T(p) > 0°C.
This avoids in our no-radiation-interaction experiments large artificial heating at a fixed T, as shown by Haslehner et al. (2024)
for studies using a fixed T threshold in a model which only permits ice to exist for T < -35°C (Gasparini et al., 2020).
Simulations have been performed for present-day climate, separately for January and July, using a) the original LMDZ (EC
&ut=0.4), b) SSPs of complex ice crystals in the radiative transfer (Baran &ut=0.4), ¢) Baran £uyr=0.25exp and d) Baran
Eur=0.3%? vin. The latter two parameterizations lead to similar high cloud cover, but with a different vertical heating structure
due to a differing vin parameterization. Each time, we analyse results of 30 ensemble runs, after having tested that these are
sufficient for our studies (by comparing with results from 100 ensemble runs).

Figure 8 presents the results for the combined SW and LW effect of UT clouds on the Hadley circulation, comparing averages
over days 6 to 10 and over days 26 to 30 (adjusted equilibrium) in January, separately for the original LMDZ code and three
variations of the UT cloud parameterizations discussed above. Results for July are displayed in Appendix B (Fig. B1) and for
the LW effect alone in the supplement (Fig. S1 for January and Fig. S3 for July). From the high cloud cover in Fig. 3 we
deduce that the Intertropical Convergence Zone (ITCZ) is approximately located between 20°S and 10°N (10°S and 20°N) in
January (July).

Row (a) of Fig. 8 presents the zonally averaged stream function vertical sections of the control runs. The Hadley cell branch
which connects the summer with the winter hemisphere is always the strongest, which is in January the Northern Hadley cell.
In January, its clock-wise circulation starts the ascent at the core of the ITCZ (situated at about 8°S). Then the risen air flows
across the equator into the Northern Hemisphere (UT divergence region), descends near 20°N (subsidence region) and finally
flows back equatorward near the surface. The atmosphere transports energy via this cross-equatorial Hadley cell from the
summer to the winter hemisphere. As the absolute values of the zonally averaged stream function profile are quite large, the
behaviour looks similar for the different UT cloud parameterizations, though slightly stronger in the UT for the two last ones.
How is the Hadley circulation affected by the radiative interaction of semi-transparent UT clouds, of opaque UT clouds and

of all UT clouds together, and how does this effect evolve over the system’s adjustment? Therefore, we examine in Fig. 8 the
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stream function profile differences CTRL - norad(IWP100), CTRL — norad(opaq) and CTRL -norad(hgh), at the beginning
(rows b to d) and at the end (rows e to g) of the month of January.

The radiative effect of semi-transparent UT clouds on the Northern Hadley cell shows a weakening in the upper troposphere
of the ascending branch of the cell immediately after the introduction of the perturbation (row b), similar for all four
configurations. During the month, while the adjustment progresses, the Northern Hadley cell weakens further downwards and
over the whole cell (row e) for the two parameterizations which have induced more, thinner UT clouds (columns 3 and 4). The
introduction of a fall speed which depends on both IWC and T leads to the largest weakening through the whole atmospheric
column, because by using this parameterization the thin UT clouds stay longer in the atmosphere than those sedimenting
according to the original parameterization (Fig. 2).

On the other hand, the radiative interaction of opaque UT ice clouds strengthens the Northern Hadley cell, as deduced from
rows (c and f) of Fig. 8. Again, this effect grows while the adjustment progresses, and it is stronger for the two
parameterizations which lead to more UT clouds (columns 3 and 4). The strengthening is largest in the ascending and
divergence branches. The weaker Southern Hadley cell is also slightly strengthened by this radiative effect.

The July simulations, presented in Fig. B1, show a similar radiative impact of the UT clouds on the Hadley circulation (this
time the Southern cell, the cross-equatorial cell), with a weakening effect by the semi-transparent and a strengthening effect
by the opaque UT clouds.

This means that, independent of the season, the radiative interaction of different UT cloud populations leads to opposite
dynamical effects. Climate warming leads to a weaker Hadley circulation (e. g. Held and Soden, 2006; Kjellsson, 2015), in
particular the cross-equatorial cell (e. g. Kang et al., 2013; Vallis et al., 2015). According to our findings, additional climate-
warming-induced changes in the UT cloud optical depth will then enhance or weaken this behaviour.

The LW effect alone drives a large part of the dynamical impact (Fig. S1, rows b to g and Table S1). For semi-transparent UT
clouds, the SW contribution is negligible, while for opaque UT clouds SW heating offsets part of the LW cooling above the
cloud, reducing the vertical gradient there. Vertically integrated over the tropics, the ACRE is dominated by LW for both cloud
types and both parameterizations, as shown in Table S1. Furthermore, the radiative interaction according to Baran &yt 0.3x%vnm
parameterization leads to a larger ACRE than the EC &yt 0.4 parameterization.

When the radiative effect of the whole UT cloud population is considered (rows d and g of Figs. 8 and B1, Figs.S1 and S3),
the strengthening effect of the Hadley circulation predominates. This result is not in agreement with Haslehner et al. (2024)
who concluded that the radiative interaction of high-level clouds do not have a significant impact on the Hadley cell strength.
They came to that conclusion by comparing the maxima of the absolute values of the mass stream function within the free
troposphere of the tropics (NH and SH), averaged over 30 years.
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Figure 8: Zonally averaged stream function vertical sections (row a), and differences between CTRL and norad(IWP<100) (rows b

and e), between CTRL and norad(opaq) (rows c and f) and between CTRL and norad(hgh) (rows d and g), for simulations using the

four parameterizations described above (columns 1-4). Statistics considers days 6-10 (rows a-d) and days 26-30 (rows e-g) of present-
365 day January transient simulations.
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The vertical sections in Figs. 8g and B1g show clearly an overall strengthening. The relative radiative effect of opaque UT
clouds on the maximum Hadley cell intensity within the tropical free troposphere is about 20% in January and 30% in July,
using the parameterization Baran £ur=0.3x? v, as shown in Table S1. The radiative, opposite effect of the semi-transparent
UT clouds is smaller (about -11% in January and -6% in July), leaving the overall radiative effect of UT clouds positive and
not negligible (9 to 25%). The seasonal difference in their effects may be due to maritime—continental ITCZ (see below). The
effects using this parameterization are larger than the ones with the original one, which is especially seen by distinguishing
semi-transparent and opaque clouds.

As we have shown that semi-transparent and opaque UT clouds have opposite effects, one reason for the disagreement may
be that the UT clouds in the model simulations of Haslehner et al. (2024) are optically thinner, so that both effects cancel.
Another reason for our disagreement with the conclusion of Haslehner et al. (2024) lies in the simulated heating profiles
themselves: Fig. 5 of Haslehner et al. (2024) shows a high-level cloud atmospheric heating profile simulated by the ICON-
ESM model which has its maximum much lower situated in the troposphere (5 to 7 km) than the retrieved heating rate profiles
(10 to 12 km) and therefore may not be sufficient to strengthen the Hadley circulation significantly.

For a further investigation of the radiative-dynamical interactions of optically thin and optically thick UT clouds, we compare
the zonal averages of the vertically integrated quantities ACRE, LP, as well as the mass-weighted vertically integrated moisture
convergence (zonal mean vertical velocity multiplied by vertical derivative of zonal mean specific humidity) and dry static
stability o (vertical derivative of zonal mean potential temperature multiplied by the ratio of zonal mean temperature and
potential temperature). Again, we distinguish radiatively active semi-transparent and opaque UT clouds. To separate the initial
radiative effect and eventual feedbacks we consider the periods of days 6 to 10 and 26 to 30, respectively. Figure 9 presents
absolute differences for the fluxes (ACRE, LP) and the moisture convergence and relative differences for the dry static stability,
for January.

Though the ACRE, the initial forcing, is much smaller for the semi-transparent UT clouds than for the opaque UT clouds, their
meridional behaviour is quite different: the semi-transparent UT clouds produce a heating at the edges of the ITCZ, in particular
at the one in the winter hemisphere (so at the Northern one in January), whereas the opaque UT clouds produce a strong heating
in the core of the ITCZ. The heating at the edges of the ITCZ, in regions of UT divergence, weakens this cooling and therefore
the meridional heating gradient, while the strong heating in the core by the opaque UT clouds increases this gradient. So, the
ACRE alone already explains the opposing Hadley circulation responses.

This heating only slightly changes throughout the simulation, but other quantities adjust, in particular when the radiative impact
of opaque UT clouds is considered: We observe a decrease in LP (precipitation) at the edges of the ITCZ. A general tropical
precipitation decrease has already been shown earlier and explained by the tropical energy balance (e. g. Li et al., 2015;
Haslehner et al., 2024), in which it needs less LP to opposite the atmospheric radiative cooling which is reduced by the strong
radiative heating of the UT clouds. According to Figs. 9 and B2, besides Table S1, our experiments also show a decrease in

LP over the tropics, in January and in July.
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The location of this LP decrease, which is in our simulations at the edges of ITCZ, can be explained by the intensification of
the Hadley cell and therefore an intensified moisture convergence in the centre of the ITCZ which leaves the edges drying at
the margins of the ITCZ. Both build up as the simulation advances in time.

Semi-transparent clouds do not alter the large-scale circulation strongly enough to organize moisture transport, leaving the
precipitation fields to be governed locally. Nevertheless, Table S1 shows a systematic small tropical decrease of LP. The

parameterizations lead to noise-like zonal mean LP differences which build up strongly progressively, reaching up to 10Wm-~
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Figure 9: Zonal averages of ACRE, LP, mass-weighted vertically integrated moisture convergence and dry static stability, for CTRL
- norad(IWP<100) and CTRL — norad(opaq) experiments, comparing different UT cloud parameterizations. The differences in the
left panel show the radiative impact of semi-transparent UT clouds (columns 1-2), while those in the right panel show the one of
opaque UT clouds (columns 3-4). Quantities averaged over days 6-10 (columns 1, 3) and days 26-30 (columns 2, 4) of present-day
climate January.

The zonal mean stabilities also change over the course of the simulation. Though small, the adjustments in the stability differ
between the two cloud types: The trapping of heat in the middle-to-lower troposphere and the LW cooling above the opaque

UT clouds (e. g. Chen et al., 2025) steepen the local lapse rate, corresponding to a decrease of the potential temperature gradient
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and therefore destabilize the core of the ITCZ. The stabilization outside is the atmospheric feedback trying to damp the
accelerated circulation. The radiative impact of the semi-transparent UT clouds on the zonal mean stability is small and only
apparent towards quasi-equilibrium for the two parameterizations with an increased UT cloud cover: Warming the upper
troposphere decreases the lapse rate and leads to a weak uniform stabilizing over the tropical domain (20°S to 10°N).

While the difference with respect to the parameterizations is small in the beginning, it grows towards the quasi-equilibrium,
revealing that the feedbacks linked to the initial radiative effect differ with these parameterizations. The two parameterizations
which include more UT clouds (Baran &ur=0.25exp and Baran £ut=0.3x?vm) lead to larger feedbacks.

The comparison between January and July allows us to study the variability due to the location of the ITCZ: The January ITCZ
stands for deep convection mostly over ocean while the July ITCZ is dominated by deep convection over land.

In July (Figs. B2 and S3), the initial forcing (ACRE) of the semi-transparent UT clouds is again small and this time in the
Southern hemisphere. However, ACRE of the opaque UT clouds has a huge peak around 10°N, over the land mass,
corresponding to deep convective clouds with a strong vertical gradient (Chen et al., 2025). This destabilizes the atmosphere,
causing a broad instability. This then gives rise to a narrow peak in the moisture convergence, pumping vast amounts of water
vapour upward and causing a peak increase in LP. The small and broad decrease of LP at the Southern part of the ITCZ
corresponds in this case to a small and broad decrease in moisture convergence, compared to the negative peak moisture
convergence at the edge in January. In July, the maritime low-level monsoon winds transport water vapor northward rapidly
toward the continental convective region, which has created a strong heat low. Despite the favourable, unstable environment,
the precipitation is mainly governed by the moisture convergence and the strongest precipitation occurs where the continental-

scale convergence and ascent occur.
5 Conclusions

The outcomes of this article are manifold. The first part of the article was devoted to presenting new observational metrics for
the evaluation of UT cloud parameterizations in GCMs: (1) UT cloud radiative heating profiles and (2) fraction of ice clouds
with IWP smaller than a certain threshold. Next, we assessed the radiative impact of semi-transparent and opaque UT clouds
on the Hadley circulation and on precipitation. Furthermore, we demonstrated the sensitivity of the results due to UT cloud
parameterizations.

The comparison of the tropical radiative heating rates of grid cells covered by UT clouds between CIRS-ML satellite
observations and the LMDZ simulations clearly reveal that the parameterization of Baran et al. (2016), using single-scattering
properties of complex ice crystals, is more realistic than the one of Ebert and Curry (1992) based on hexagonal columns. In
particular, the reduced SW radiative heating is much more realistic. Furthermore, the reduction of the UT relative subgrid total
water variablility Eut, an essential parameter for the determination of UT cloud cover and IWP, brings the simulations even
closer to the retrieved LW radiative heating rates. Changes in the p-dependence of &yr, along with accounting for T in addition

to IWP in the bulk ice fall speed parameterization, are smaller, but nonetheless alter the vertical shape of the LW heating rates.
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To better assess the simulated amount of semi-transparent UT clouds (with an IWP < 100 gm), we have compared the fraction
of grid cells with UT clouds of an IWP smaller than a certain threshold as function of this IWP threshold between the
simulations and CALIPSO-CloudSat satellite observations, the latter being averaged over a similar grid size. The original
LMDZ simulations, with the configuration for CMIP6, show a fraction of about 47%, compared to about 85 to 90% expected
from two independent retrievals. This fraction improved to around 65% with the parameterization changes described above.
Moreover, it is important to assess several variables, as a parameterization which improves the simulated amount of semi-
transparent UT clouds may deteriorate the vertical shape of the LW heating rate.

The second part of this article investigated radiative-dynamical interactions of UT clouds. Particularly, we differentiated the
effects of tropical semi-transparent and opaque UT clouds on the Hadley circulation and their feedback on meridional
precipitation patterns. For the numerical experiments, we made these types of clouds transparent to the radiation by setting
their layer optical depths to O for the radiative transfer computations.

These experiments demonstrated that the radiative interaction of these two UT cloud type populations provoke opposite
dynamical effects: Whereas the semi-transparent UT clouds at the edge of the ITCZ reduce the meridional heating gradient
and therefore weaken the Hadley circulation, the opaque UT clouds with their large vertically integrated ACRE in the core of
the ITCZ strengthen the circulation. These effects are similar in January and in July. This means that climate- warming driven
changes in the optical depth distribution of tropical UT clouds may then additionally alter (enhance or counteract) the climate-
warming-driven weakening of the Hadley circulation.

Semi-transparent UT clouds do not alter the large-scale circulation strongly enough to organize moisture transport and
therefore only locally affect the precipitation patterns. Yet, the noise of the meridional variation of the vertically integrated LH
due to the different UT cloud parameterization increases strongly towards the quasi-equilibrium, in particular if one only
considers the LW interaction (acting on the atmosphere alone). This indicates that the feedbacks linked to the initial radiative
effect differ strongly with these parameterizations.

As the strong positive cloud radiative effect of opaque UT clouds diminishes the requirement for condensational heating to
counteract the atmosphere's net radiative cooling, an overall suppression of tropical precipitation is driven by thermodynamic
constraints. However, the location of this decrease is governed by a dynamic adjustment via moisture convergence, as the
precipitation drops rather at the edges of the ITCZ than uniformly. The extent of this precipitation decrease at these edges
(peaks and width) depends on the mode of the ITCZ (oceanic or continental):

In January (oceanic ITCZ), the core-concentrated radiative heating accelerates the cross-equatorial Hadley overturning,
dynamically importing moisture into the central updraft and leaving the ITCZ margins moisture-starved, which localizes the
thermodynamic precipitation reduction at the edges.

In July, the land-based deep convective cloud heating, with strong vertical gradient, has a huge peak around 10°N. This
destabilizes the atmosphere, leading to a broad instability. Despite the favourable, unstable environment, the precipitation is
mainly governed by the moisture convergence, with a narrow peak around the continental-scale convergence and ascent, while

the precipitation reduction shows a broader and less pronounced behaviour.
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Though the radiative effect of semi-transparent UT clouds on the Hadley circulation is smaller than the one of opaque UT
clouds, it is opposite in sign. Simulations using UT cloud parameterizations that better reproduce observations lead to more
coherent results in our experiments on radiative-dynamical interactions. We have to keep in mind that the amount of thin cirrus
is still underestimated in the LMDZ model. The observations and analysis tools provided here will help further improve these

parameterizations.

These numerical experiments have been undertaken with a GCM of a relatively coarse spatial resolution, in which the large-
scale UT clouds are formed at each time step and organisation of convection is not explicitly represented. It would be

interesting to investigate these radiative effects on atmospheric dynamics with global cloud-resolving models.

Appendix A: Scattering correction for the computation of LW fluxes

For the computation of LW fluxes in the LMDZ code, we have corrected the cloud optical depth for scattering effects by first
taking out the forward peak contribution (estimated as f = g?) from ke, wo and g, using the 3-function adjustment, and then

using these scaled variables to recompute the diffusion / two-stream effective optical depth (Joseph et al. 1976):

Kext” = Kext * (1. - @0 * g?) (A1)
0o’ =(1.-9%) * wo/ (L. - oo * g7 (A2)
g=e-9)/1-9) (A3)
U= ke * V3 * (L- 00) * (L- @0’ * 2°)) * IWP (Ad)

with V( 3% (1.- wo’) * (1.- o’ * g”)) replacing the diffusivity factor 1.66 in the original LMDZ formulation.

Appendix B: Radiative impact of UT clouds on the Hadley circulation and precipitation in July

The following figures are the same as Figures 8 and 9, but for July simulations.
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Figure B1: Zonally averaged stream function vertical sections (row a), and differences between CTRL and norad(IWP<100) (rows
b and e), between CTRL and norad(opaq) (rows c and f) and between CTRL and norad(hgh) (rows d and g), for simulations using
the four parameterizations described above (columns 1-4). Statistics considers days 6-10 (rows a-d) and days 26-30 (rows e-g) of

present-day July transient simulations.
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Figure B2: Zonal averages of ACRE, LP, mass-weighted vertically integrated moisture convergence and dry static stability, for
CTRL - norad(IWP<100) and CTRL — norad(opaq) experiments, comparing different UT cloud parameterizations. The differences
in the left panel show the radiative impact of semi-transparent UT clouds (columns 1-2), while those in the right panel show the one
of opaque UT clouds (columns 3-4). Quantities averaged over days 6-10 (columns 1, 3) and days 26-30 (columns 2, 4) of present-day
climate July.

Code and data availability

The CIRS-ML radiative heating rates are distributed by the French Data Center AERIS (Data and Services for the Atmosphere)
via the website for the Process Evaluation Study of Upper tropospheric Clouds and Convection of the Global Energy and
Water Exchanges Program (GEWEX UTCC PROES) at https://gewex-utcc-proes.aeris-data.fr/ (CIRS-ML; Stubenrauch et al.,
2021; last access: 25 June 2025). A code for the comparison of radiative heating rates between simulations and these
observations will be made available also on this website. The updated GEWEX cloud assessment database is distributed by
the French data centre AERIS at https://gewexca.aeris-data.fr/ (Stubenrauch et al., 2024; last access: 5 August 2026). A code
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for a comparison of high-level cloud cover between simulations and these observations will also be made available on this
website. The IWP data from NASA 2C-ICE (https://www.cloudsat.cira.colostate.edu/data-products/2c-ice) and DARDAR
(https://www.icare.univ-lille.fr/dardar/) have been downloaded by the IPSL ESPRI Mesocenter.

Supplement link

The link to the supplement will be included by Copernicus.
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