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Abstract. Representing about 30 % of the Earth’s total cloud
cover, upper tropospheric clouds play a crucial role in the
climate system by modulating the Earth’s energy budget and
heat transport. When originating from convection, they of-
ten form organized systems. The high spectral resolution of
the Atmospheric Infrared Sounder (AIRS) allows reliable cir-
rus identification, both from day and nighttime observations.
Tropical upper tropospheric cloud systems have been ana-
lyzed by using a spatial composite technique on the retrieved
cloud pressure of AIRS data. Cloud emissivity is used to dis-
tinguish convective core, cirrus and thin cirrus anvil within
these systems. A comparison with simultaneous precipitation
data from the Advanced Microwave Scanning Radiometer —
Earth Observing System (AMSR-E) shows that, for tropical
upper tropospheric clouds, a cloud emissivity close to 1 is
strongly linked to a high rain rate, leading to a proxy to iden-
tify convective cores. Combining AIRS cloud data with this
cloud system approach, using physical variables, provides a
new opportunity to relate the properties of the anvils, includ-
ing also the thinner cirrus, to the convective cores. It also dis-
tinguishes convective cloud systems from isolated cirrus sys-
tems. Deep convective cloud systems, covering 15 % of the
tropics, are further distinguished into single-core and multi-
core systems. Though AIRS samples the tropics only twice
per day, the evolution of longer-living convective systems can
be still statistically captured, and we were able to select rel-
atively mature single-core convective systems by using the
fraction of convective core area within the cloud systems as a
proxy for maturity. For these systems, we have demonstrated
that the physical properties of the anvils are related to convec-
tive depth, indicated by the minimum retrieved cloud temper-

ature within the convective core. Our analyses show that the
size of the systems does in general increase with convective
depth, though for similar convective depth oceanic convec-
tive cloud systems are slightly larger than continental ones,
in agreement with other observations. In addition, our data
reveal for the first time that the fraction of thin cirrus over the
total anvil area increases with the convective depth similarly
for oceanic and continental convective systems. This has im-
plications for the radiative feedbacks of anvils on convection
which will be more closely studied in the future.

1 Introduction

High clouds cover about 30 % of the Earth (e.g., Stubenrauch
et al., 2013) and are of fundamental importance to climate as
they modulate the Earth’s energy budget and the heat trans-
port in the upper troposphere, thus potentially influencing
Earth’s atmospheric circulation and water cycle. Their feed-
backs still lack scientific understanding and heretofore repre-
sent a major uncertainty in predicting climate variability and
change in climate models (Boucher et al., 2013).

In the tropics, where these high clouds are most abundant,
they are part of large mesoscale systems of a characteristic
size of tens of thousands km?. They either form from orga-
nized deep convection or are directly formed in situ when
cold air is supersaturated with water. This article focuses on
the former in the tropics.

Within the last decade, numerous studies focused on these
mesoscale convective cloud systems (MCSs). Their structure
and life cycle were studied by using composite techniques
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applied to satellite imagery and radar (e.g., Machado and
Rossow, 1993; Machado et al., 1998; Del Genio and Ko-
vari, 2002; Schumacher and Houze Jr., 2003; Houze, 2004;
Lin et al., 2006; Liu et al., 2007; Rossow and Pearl, 2007;
Yuan and Houze Jr., 2010; Roca et al., 2014; Virts and
Houze Jr., 2015; Bouniol et al., 2016). These studies con-
centrated mainly on the thick cirrus anvils, because radar and
visible-infrared imagery either miss or misidentify thin cir-
rus (Stubenrauch et al., 2013). However, the thinner cirrus
are thought to be a part of the MCS’s anvil that has a sig-
nificant radiative impact which might regulate convection it-
self (Stephens et al., 2004; Lebsock et al., 2010). Their ra-
diative forcing depends primarily on their horizontal extent,
emissivity distribution and the temperature difference with
the underlying surface.

In addition, organized convection was studied by statistical
analysis of cloud regimes defined by similar cloud pressure
and optical depth within grid cells (Tselioudis and Rossow,
2011; Rossow et al., 2013; Stachnik et al., 2013; Tan et al.,
2015; Oreopoulos et al., 2016). Though this approach proved
to be very useful for advancing our knowledge on tropical
convection, it does not provide information of the horizon-
tal extent and structure of the systems. Recent studies which
used the space-borne active instruments, lidar and radar, of
the A-Train mission (Stephens et al., 2002) revealed the ver-
tical structure of these systems (e.g., Luo et al., 2010; Yuan
and Houze Jr., 2010; Igel et al., 2014; Takahashi and Luo,
2014; Deng et al., 2016). They are, however, hampered by
the very narrow track and thus are missing the horizontal ex-
tent of the system.

In this article, we use infrared (IR) sounder data to study
mesoscale deep convective systems and, more specifically,
their horizontal extent and IR emissivity distribution. The
high spectral resolution of IR sounders, in particular the
Atmospheric Infrared Sounder (AIRS) aboard Aqua since
2002 and the Infrared Atmospheric Sounding Interferome-
ters (IASIs) aboard MetOp since 2006, allows reliable cir-
rus identification, both from day and nighttime observations
(e.g., Stubenrauch et al., 2010, 2013). Using the AIRS physi-
cal variables of pressure and emissivity, we reconstruct cloud
systems. This approach distinguishes isolated cirrus from
systems having convective core(s), using the IR emissivity
as a proxy; an IR emissivity close to 1 has been verified to be
closely related to larger rain rate and large-scale vertical as-
cent (Sect. 2.2). This provides a unique opportunity to relate
the properties of the anvils, including also the thinner cirrus,
to those of the convective cores.

One of the World Climate Research Programme grand
challenges is to determine the role of convection in cloud
feedbacks (Bony et al., 2015). Compared to databases
of tropical mesoscale convective systems from radar and
visible-infrared satellite imagery, this database of upper tro-
pospheric (UT) cloud systems from AIRS cloud properties
includes cirrus, reliably identified down to an IR emissivity
of 0.1 (corresponding to a visible optical depth of 0.2). The
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motivation of this article is to present this database, which,
coupled with other data, will provide an observational met-
ric for a better understanding of the interconnection between
tropical convection and the heating induced by the outflow-
ing anvils.

Proxies of convective intensity/strength or convective
depth may be given by vertical updraft (e.g., Liu et al., 2007;
Takahashi and Luo, 2014), lightning flash rate (e.g., Zipser
et al., 2006), level of neutral buoyancy (e.g., Takahashi and
Luo, 2012), area of heavy rainfall (e.g., Yuan and Houze Jr.,
2010), width of convective core (e.g., Igel et al., 2014), cold
cloud top temperature or height (e.g., Machado and Rossow,
1993; Fiolleau and Roca, 2013) and mass flux (e.g., Tissier
and Legras, 2016; Masunaga and Luo, 2016). While the level
of neutral buoyancy describes the convective environment,
the convective intensity is given by the strength of the ver-
tical updraft, and the cloud top height can be considered as
a proxy of convective depth. Therefore, these proxies might
give insight into different aspects of convection. With AIRS
alone, we are able to determine cloud top height temperature
and therefore to explore the anvil properties in relation to the
convective depth.

Details on the AIRS cloud retrieval and the construction of
UT cloud systems are given in Sect. 2. Results on the statis-
tical properties of tropical upper tropospheric cloud systems,
including maturity stage with respect to the convective core
fraction, are given in Sect. 3. Relationships between convec-
tive depth and anvil properties of tropical mature convective
cloud systems are then discussed in Sect. 4. Conclusions and
an outlook are presented in Sect. 5.

2 Methodology
2.1 Cloud properties derived from AIRS observations

AIRS is a high spectral resolution infrared spectrometer,
aboard the polar-orbiting EOS Aqua satellite with an equa-
torial crossing at 01:30 and 13:30 LT (Chabhine et al., 2006).
AIRS completes approximately 14.5 orbits per day with each
orbit “swath” being of 48.95°, divided by 90 footprints for
each scan line. The spatial resolution of a footprint varies
from about 13.5 km x 21 km at nadir to 41 km x 21 km at the
scan extremes.

The Laboratoire de Météorologie Dynamique (LMD)
cloud property retrieval is based on a weighted x> method
and uses eight spectral channels sounding along the
15 um CO; absorption band (Stubenrauch et al., 2010), pro-
viding cloud pressure p¢g and emissivity €.qg of a single
cloud layer (of the uppermost cloud layer in the case of
multilayer clouds). By introducing empirical weights, the
method takes into account the vertical weighting of the dif-
ferent channels, the growing uncertainty in the computation
of €.q with increasing pressure and uncertainties in atmo-
spheric profiles (Stubenrauch et al., 1999). A crucial con-
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sideration in the cloud retrieval is the determination of clear
sky and opaque cloud radiances I, and I1q since €cq is de-
fined as €clg = (Tmeas — Icir) / (Ield (Peia) — Leir). For their com-
putation, we need temperature profiles and surface skin tem-
perature as well as atmospheric transmissivity profiles at the
corresponding wavelengths for the atmospheric situation of
the measurements. The atmospheric spectral transmissivity
profiles have been simulated by the 4A radiative transfer
model (Scott and Chédin, 1981; operational version avail-
able at http://4aop.noveltis.com/) separately for each satel-
lite viewing zenith angle and for about 2000 representa-
tive clear sky atmospheric temperature and humidity pro-
files of the Thermodynamic Initial Guess Retrieval (TIGR)
database (Chevallier et al., 1998; Chédin et al., 2003). Since
IR sounders, in combination with microwave sounders, were
originally designed for the retrieval of atmospheric temper-
ature and humidity profiles, the atmospheric clear sky situ-
ation can then be directly described by simultaneously re-
trieved AIRS L2 atmospheric profiles (Susskind et al., 2014)
of good quality (when the situation is not too cloudy) pro-
vided by NASA (version 6 available at Goddard Earth Sci-
ences Data and Information Services Center). In the other
case, the instantaneous profiles and surface skin tempera-
ture are replaced by those of good quality, averaged over
1° latitude x 1° longitude or interpolated in time. The prox-
imity recognition between these AIRS L2 atmospheric pro-
files and the TIGR atmospheric profiles is described in detail
in Stubenrauch et al. (2008). Once p.iq and €.|q are retrieved
by the X2 method, cloud temperature T¢|q is determined from
Pcld by using the AIRS temperature profile.

Recently, we have developed a modular cloud retrieval
code (CIRSs, clouds from IR sounders; Feofilov and Stuben-
rauch, 2017), which can be applied to any IR sounder data. To
derive a 13-year global climatology of cloud properties from
AIRS (2003-2015), we used the latest ancillary data (atmo-
spheric profiles, surface emissivities and atmospheric trans-
missivities). Compared to the version which is distributed at
the French data center ICARE and which has been evaluated
in the Global Energy and Water Exchanges (GEWEX) cloud
assessment (Stubenrauch et al., 2013), these cloud data are
very similar for high-level clouds and slightly improved for
low-level clouds (Stubenrauch et al., 2017). Cloud types can
then be defined according to pcq and €¢q.

In this analysis, to facilitate the reconstruction of the UT
cloud systems from the AIRS cloud properties, it is conve-
nient to grid the data, keeping the statistics and occurrence
of the individual cloud types inside the grid, while the phys-
ical parameters (7, p, €) are averaged inside the grid cell.
The grid cell size should not be greater than the average size
of the smallest cloud system. A good compromise was found
by introducing grid cells of 0.5° in latitude and longitude.
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2.2 Construction of upper tropospheric cloud systems

Before reconstructing the horizontal extent of the UT cloud
systems, a critical question has to be addressed: how do we
define UT clouds? Most studies on tropical MCSs’ life cy-
cle and structure used the IR brightness temperature (7g) to
define cold clouds: Yuan and Houze Jr. (2010) merged adja-
cent footprints containing cold clouds defined as those with
Ts < 260K, while Machado et al. (1998) used Tg < 245K,
and Fiolleau and Roca (2013) and Roca et al. (2014) have
considered only footprints with 75 < 233 K. However, T
depends both on cloud altitude and opacity; opaque clouds
(e & 1) have an IR brightness temperature close to the cloud
top temperature T4, though it can happen to be a few
degrees lower (Sherwood et al., 2004; Stubenrauch et al.,
2010). For optically thinner clouds, the radiation reaching
the satellite instrument includes, in addition to the cloud’s
emission, a fraction of the emission from the warmer Earth’s
surface and the atmosphere passing through these semitrans-
parent clouds. Figure 1 presents the median value and the
quartiles of 7g as well as T¢q as a function of €1 for high
clouds in the tropics, with p.g < 440 hPa (corresponding to a
height of about 7 km), a definition generally found in the lit-
erature (e.g., Rossow and Schiffer, 1999; Stubenrauch et al.,
2012). One observes that indeed Ty increases with decreas-
ing €gg while T¢q does not show a particular relationship,
except that the most opaque clouds in the tropics seem to
be on average also colder. The relationship between Tg, T¢1q
and €.q is further explored in Fig. 2; T corresponds to Tciq
only for opaque clouds, whereas for a given Ty the associated
cloud might also be optically thin and colder. This means
that, for instance, an upper threshold of 245 K on 7 will in-
clude higher clouds (7¢q < 245 K, approximately 8 km) with
an emissivity down to 0.7, but their cloud temperature might
then be underestimated by several tens of °C. This only al-
lows relating the thickest anvil properties to convection.

The present cloud system approach, employing cloud alti-
tude (temperature, pressure) and opacity (emissivity), has the
advantage of a clear distinction between high and low clouds
based on cloud pressure and of thin and thick cirrus, based
on cloud emissivity. This is important since, as discussed in
the introduction, this new UT cloud system approach aims
to explore the horizontal structure of the UT cloud systems,
including thin cirrus.

Since the AIRS initial spatial resolution is more adapted to
study organized convection rather than small-scale shallow
convection, we revise the definition of upper tropospheric
clouds (i) towards slightly higher clouds and (ii) by using a
tropopause-dependent definition. Hereafter, UT clouds will
be considered as those being at most 250 hPa below the
tropopause, corresponding to a maximum cloud pressure of
about 350hPa and a height of about 8 km in the tropics. It
should be stressed that the standard high cloud definition of
Peld < 440 hPa has also been tested and the results are coher-
ent with those reported in Sects. 3 and 4.

Atmos. Chem. Phys., 17, 3845-3859, 2017
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Figure 1. Median and quartiles of cloud IR brightness temperature
(red) and retrieved cloud temperature (blue) as a function of cloud
emissivity for high clouds (p¢g < 440hPa) identified from AIRS
observations in the tropics, at a spatial resolution of 0.5° (statistics
for January and July 2006-2007).
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Figure 2. Average value of cloud emissivity for bins of 7.1q and T
for high clouds (p¢q < 440 hPa) identified from AIRS observations

in the tropics, at a spatial resolution of 0.5° (statistics for January
and July 2006-2007).

Typically, a convective system is composed of an opaque
precipitating core which detrains cirrus in the form of an
anvil at the height of neutral buoyancy (e.g., Luo et al.,
2010; Takahashi and Luo, 2012). To investigate whether
cloud emissivity can be used as a proxy to identify convec-
tive cores, AIRS cloud data have been collocated with simul-
taneous AMSR-E precipitation data (Kummerow and Fer-
raro, 2015). Figure 3 presents median values and quartiles
of the maximum and average rain rate from the AMSR-E
measurements (of spatial resolution of about 5km at nadir)
and the vertical wind at 500 hPa from the meteorological re-
analysis ERA-Interim (Dee et al., 2011), within a grid cell,
as a function of cloud emissivity averaged from AIRS UT
clouds within the same grid cell. The vertical wind data are
interpolated spatially from 0.75 to 0.5° grid cells and tem-
porally from 6-hourly universal time to 01:30 and 13:30 LT.
A strong positive correlation between cloud emissivity and
precipitation is observed for high €14. The rain rate might be
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Figure 3. Median and quartiles of maximum (dashed black) and
average (solid black) rain rate from AMSR-E, and average vertical
winds (solid red) from ERA-Interim, as a function of cloud emis-
sivity for high clouds (pc1g < 440 hPa) identified from AIRS obser-
vations in the tropics, at a spatial resolution of 0.5° (statistics for
January and July 2006-2007).

of stratiform origin even when €4 is close to 1; according to
the quartile bands, there is a probability that the average rain
in the 0.5° grid is below 1 mmh~!, while the maximum RR
quartile is at 6mmh~!. The link with convection can only
be shown through vertical updraft. Though the ERA-Interim
vertical wind has a low horizontal spatial resolution (about
0.75°) and is therefore quite diluted, Fig. 3 shows that opaque
clouds are in general linked to stronger large-scale vertical
ascent. Based on Fig. 3, hereafter, convective cores are de-
fined as those with €.q > 0.98. The emissivity threshold for
distinguishing cirrus from thin cirrus was set to 0.5 as (i) be-
low this threshold no rain occurs at all (not shown); (ii) this
threshold has already been used to define thin cirrus in earlier
IR sounder analyses; and (iii) the studies exploring tropical
convective cloud systems using IR brightness temperatures
exclude all high clouds with an emissivity below this value
(Fig. 2).

To study the horizontal extent of cloud systems, a full
spatial coverage is required. However, in the tropical re-
gion where the cloud systems will be explored, 30° N-30° S,
AIRS measurements only cover about 70 % of the surface
due to gaps between orbits (e.g., Fig. 1 of Feofilov et al.,
2015). Thus, the missing data have to be extrapolated from
the properties of the cloud types determined around the gaps.
It should be stressed that days with missing orbits are com-
pletely excluded from the analysis; only scenes with cover-
age above 68 %, representing more than 85 % of the total
statistics, are considered. In the following, we describe the
method developed to fill the missing data gaps. In each grid
cell of 0.5° x 0.5°, the distribution of the number of mea-
surements per cloud type is known. Cloud type distributions
in empty grid cells are obtained from the probability den-
sity function (PDF) of the neighboring grid cells. The PDF
of an empty grid cell is built as the sum of the neighboring

www.atmos-chem-phys.net/17/3845/2017/
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PDFs, normalized to 1, weighted by the inverse squared root
of the distance between the grid cells. Similarly, the physical
properties of each cloud type in the interpolated grid, such as
temperature, pressure and emissivity, are computed using the
same weighted average method.

In the course of the study, several questions emerged, such
as how many neighbors to use and what should be the shape
of the region for the neighbors to be included in the interpo-
lation. The reason we draw readers’ attention to these details
is due to the irregular gap area shape and size which vary
with latitude. The optimal filling configuration was deduced
by statistically comparing the fractions of each of the UT
cloud types in the grid cells with real data and those with in-
terpolated data, but also by visually examining geographical
maps of cloud types, such as that in the top panel of Fig. 4.
We found that the most appropriate way to get a UT cloud
amount in the gaps consistent with the one in the data grid
cells, while preserving cloud system shapes, was to choose
a number of neighbors proportional to the distance between
the grid cells to be filled and the closest non-empty grid cell.
By doing so, an empty grid cell surrounded by non-empty
grid cells is filled using only a small number of the prox-
imity data neighbors, while a cell located at the center of a
gap near the Equator (gap with maximum horizontal width
reaching 700 km) is filled using a larger number of data (up
to 100 grid cells) since the uncertainty is higher. The filling
algorithm first scans eastward and westward of a grid cell to
be filled to count the number of empty grid cells in both di-
rections until a non-empty grid cell is found (the closest dis-
tance being the gap reference distance). Then, a spiral scan
over the neighbors is performed for a number of cycles which
increases linearly with the gap distance. From case studies,
we observed that obtaining realistic cloud system shapes re-
quires the scan to be bound vertically to 43 grid cells, while
allowing to scan the horizontal direction freely. As an ex-
ample, the top panel in Fig. 4 presents a geographic map of
cloud types for 1 day in July after the data gap filling.

Once the gaps are filled, we apply a composite technique
to reconstruct the upper tropospheric cloud systems; adjacent
grid cells containing UT clouds and sharing a common side
are grouped. The grid cells must contain more than 70 % of
UT cloud types within all AIRS measurements in order to be
considered in the procedure. For interpolated grid cells, the
threshold is set slightly lower, to 65 %, as this 5 % difference
corrects for an observed bias in the UT cloud amount of the
interpolated areas. To ensure the spatial continuity of cloud
systems, the average cloud pressure difference between two
adjacent grid cells must be lower than 50 hPa; this is a legiti-
mate value, as it is slightly above the uncertainty of retrieved
Pecld, Which is of the order of 30—40 hPa (Stubenrauch et al.,
2012; Feofilov and Stubenrauch, 2017).

To identify opaque areas inside the built UT cloud sys-
tems, which potentially enclose convective core(s), a second
grouping is performed. The emissivity limit for the opaque
area definition is set to 0.9. The cloud system is then consid-
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ered as a “convective” one when containing at least one grid
cell with €¢1g > 0.98 within the opaque area. The above core
identification procedure provides the number of convective
cores in a cloud system and thus allows their classification
as non-convective if no convective core is found, or as con-
vective if at least one core is found. The latter are further
classified, with respect to the number of cores, to single-core
and multi-core systems.

The bottom panel of Fig. 4 presents the tropical cloud sys-
tems for the same day as the top panel; the different colors
indicate different systems and the opaque and convective ar-
eas are marked with magenta and deep red, respectively. The
middle panel presents a more detailed horizontal structure of
the UT cloud systems, illustrating in yellow the thin cirrus
anvils not taken into account in the various analyses which
use IR 7g mentioned in Sect. 2.2.

3 Exploration of tropical upper tropospheric cloud
systems

3.1 Statistical properties

We find that upper tropospheric cloud systems cover about
20% (25 %) of the tropical band, defined as 30° N-30°S
(15°N-15°S). Their horizontal extent varies significantly,
starting from a single grid cell with a size of about 2500 km?,
reaching several 108km?. These UT cloud systems may
be distinguished as convective or non-convective (isolated
cirrus) systems. More specifically, convective (single- and
multi-core) systems cover 15 % (20 %) while isolated cirrus
systems cover 5% (5 %) of the tropical band 30° N-30° S
(15°N-15°S). The latter might originate from convection
or be formed by in situ freezing. Studies using Lagrangian
transport performed by (Luo et al., 2004) and (Riihimaki
et al., 2012) have shown that about 50 % of these isolated cir-
rus systems form in situ while the other half corresponds to
dissipating convective systems. Table 1 summarizes the sta-
tistical repartition of tropical isolated cirrus systems, single-
core and multi-core convective systems in the 30° N-30° S
band along with their average sizes. Though isolated cir-
rus systems significantly outnumber the convective systems,
their average horizontal extent is a factor of 10 smaller than
the extent of single-core convective systems. Multi-core con-
vective systems are significantly larger than the other cat-
egories, compared to single-core by a factor of 20, while
representing only 1 % of the population. Among convective
cloud systems, those having horizontal extent larger than
3% 108 km? represent about 10 % and are mainly located over
the western Pacific during the monsoon period (Liu et al.,
2007), a region with warm surface temperatures, large con-
vective mass fluxes (Tissier and Legras, 2016) and large UT
humidity (Virts and Houze Jr., 2015; Houze et al., 2017).
This region is also known for building mesoscale convec-
tive complexes (e.g., Mapes and Houze Jr., 1993; Deng et al.,

Atmos. Chem. Phys., 17, 3845-3859, 2017
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Figure 4. Geographic map of AIRS cloud data for 1 July 2007 at 01:30LT. (a) Cloud types are identified as follows: blue indicates upper
tropospheric clouds (deeper blue indicates more opaque high clouds); yellow indicates mid-level and low clouds; and orange indicates clear
sky. (b) UT clouds for five emissivity classes (0.1, 0.6, 0.8, 0.92, 0.98 and 1) are represented, respectively, by yellow, green, blue, magenta
and red. (¢) UT cloud systems are represented with different colors indicating different systems; opaque and convective areas are marked

with magenta and deep red, respectively.

Table 1. Fraction of occurrence, coverage and median size for
isolated cirrus systems, systems with one convective core and
with multiple convective cores, over the latitude band 30° N-30° S
shown as the annual average over the period 2003-2015.

Isolated cirrus Single core Multi-core
No. of systems >95% 3% 1%
Coverage 25 % 10 % 65 %

Median size 104km? 10 x 10*km? 200 x 10% km?

2016), including several convective systems, often in differ-
ent phases of development and connected by ubiquitous thin
cirrus.

Figure 5 presents geographical maps of the occurrence of
(panel a) isolated cirrus and (panel b) all convective cores,
together for single- and multi-core systems, as well as sepa-
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rately for (panel c) boreal winter and (panel d) boreal sum-
mer and (panel e) single-core convective systems. The con-
vective activity pattern clearly follows the Intertropical Con-
vergence Zone (ITCZ) with maxima observed over the warm
pool, northwest South America and central Africa and over
the summer hemisphere. The patterns are in agreement with
previous findings obtained from the International Satellite
Cloud Climatology Project (Tan et al., 2015), the CloudSat
mission (Igel et al., 2014), the Tropical Rainfall Measuring
Mission (Houze et al., 2015) and from geostationary satel-
lites Fiolleau and Roca (2013). As expected, isolated cirrus
are abundant and are found to cover wide areas in the vicinity
of the convective active regions.

3.2 System composition and life-cycle stages

As discussed in the introduction, the impact of UT cloud
systems on the Earth’s energy budget depends on their hor-
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