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Abstract: A six-year global study of cloud distribution and cloud properties obtained from obser-
vations of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), the
Atmospheric Infrared Sounder (AIRS), and the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) data is presented in this study. From the CALIPSO observations,
the highest clouds for both daytime and night-time were found in the Inter Tropical Convergence
Zone (ITCZ) region. The lowest cloud heights were found towards the poles due to the decrease in
the tropopause height. Seasonal studies also revealed a high dominance of clouds in the 70° S-80° S
(Antarctic) region in the June-July—August (JJA) season and a high dominance of Arctic clouds in the
December-January-February (DJF) and September—October-November (SON) seasons. The coldest
cloud top temperatures (CTT) were mostly observed over land in the ITCZ and the polar regions,
while the warmest CTTs were mostly observed in the mid-latitudes and over the oceans. Regions
with CTTs greater than 0 °C experienced less precipitation than regions with CTTs less than 0 °C.

Keywords: clouds; CALIPSO; precipitation; MERRA-2; ITCZ

1. Introduction

Atmospheric aerosols play a key role in the climate system as they act as cloud conden-
sation nuclei (CCN) and impact cloud formation. Therefore, without atmospheric aerosols,
clouds could not exist. McFiggans et al. [1] showed that the major factors controlling the
activation of CCN include particle solubility and hygroscopicity, which are functions of
chemical composition. Thus, evaluating aerosol composition is crucial for improving our
understanding of aerosol-cloud processes, which are still poorly understood.

Clouds are composed of hydrometeors that differ in phase, size, and shape. Hydrome-
teors in the atmosphere are mainly water droplets, ice crystals, raindrops, graupel, hail, and
snowflakes [2]. Depending on the vertical temperature profile, the different hydrometeors
can be present in all clouds in a more or less distinct number concentration.

Clouds cover more than two-thirds of Earth’s surface and play a dominant role in
the energy budget and water cycle of our planet [3]. The net cloud radiative effect on the
climate system depends on the amount, height, and optical depth of clouds. Low-level
clouds tend to be relatively thick optically and are typically composed of spherical water
droplets, and their overall impact is to cool the planet. On the other hand, high-level clouds
are optically thin and are composed mostly of ice crystals, with a wide variety of shapes
and sizes, and their overall impact is to warm the planet.

Clouds are also an essential variable in the climate system because they are directly
associated with precipitation through microphysical processes and with aerosol loading
through the aerosol aqueous-phase chemistry and wet removal process [4]. Physically,
cloud-radiation interactions depend largely on the cloud macro-physical (e.g., cloud frac-
tion, liquid, and ice water path) and microphysical (e.g., cloud droplet number, size, and ice
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particle habit) properties. Cloud fraction (CF) is the fraction of the atmosphere volume or
projected area occupied by clouds. Parameterization of the CF is of particular importance
in calculating a radiation budget [5,6]. For example, a 4% increase in the area of the globe
covered by marine stratocumulus clouds would offset the predicted 2-3 K rise in global
temperature due to a doubling of atmospheric carbon dioxide [7]. Satellites can provide
a global or near-global view of cloud observations. However, satellite remote sensing of
CF is known to involve uncertainties due to spatial resolution, measurement geometry,
detection sensitivity, unknown background surface influences on the measured radiance,
and other factors [8,9].

Several different satellite sensors, such as the Moderate Resolution Imaging Spectro-
radiometer (MODIS), the Atmospheric Infrared Sounder (AIRS), and the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), have been used to study
the global spatial distributions and heights of clouds. Stubenrauch et al. [9] showed that
polar-orbiting cross-track scanning sensors (which provide daily global coverage at partic-
ular local times of day), weather satellite sensors (which provide extended data of more
than 30 years) and geostationary satellites (which are placed at particular longitudes along
the equator and permit higher-frequency temporal sampling: 15-min to 3-h intervals),
have been used to study global clouds distribution. Since the launch of CALIPSO on
28 April 2006, a few studies on the global distribution of clouds have been reported [10-16].
The main advantage of CALIPSO is its capability to measure the vertical distribution of
clouds in the atmosphere both during the day and night. However, the main disadvantage
is the day and night signal differences. The solar background signal is higher during the
day than at night, which leads to more background noise during the day [17].

In the present paper, we report on the global and seasonal distributions of clouds
over the period of 2011 to 2016, using datasets from satellites and model data. The paper
affirms and highlights the importance of cloud studies by re-analyzing past datasets. The
manuscript does, however, introduce the discussion of the seasonal averaged distribution
of cloud fraction for low, middle, and high clouds, which has not often been discussed
by previous research. Lastly, the study also tries to show a link between the cloud top
temperatures (CTT) and precipitation rate over land. The study presented here is orga-
nized as follows: an overview of clouds is given in Section 2. Details of the dataset used
are discussed in Section 3. Section 4 contains an analysis and discussion of the results.
Conclusions of the main findings are found in Section 5.

2. Cloud Overview
2.1. Cloud Types

Clouds can be classified according to their heights above ground level. High-level
clouds usually have bases higher than 6 km in the tropics and 3 km in the polar regions.
Cirrus, cirrocumulus, and cirrostratus clouds are all types of high-level clouds. Middle-level
clouds have bases that lie between 2 and 8 km in the tropics and 2 and 4 km in the polar
regions. Altocumulus, altostratus, and nimbostratus clouds are some types of middle-level
clouds. Low-level clouds have bases below 2 km in both the tropics and the polar regions.
Stratus and cumulus are some types of low-level clouds. However, compared to other
types of clouds, cirrus clouds play a pivotal role in shaping climate and climate change
on Earth and the atmosphere system in connection with the solar-albedo and infrared-
greenhouse effects. Therefore, it is important to understand their characteristics, formation,
and micro-physics.

2.2. General Description of Cirrus Cloud Formation

Cirrus clouds are composed entirely of ice crystals instead of liquid moisture. They
form at temperatures below —40 °C [18] and cover approximately 20-35% of the globe [19].
They affect Earth’s radiation allocation mainly by absorbing outgoing longwave radiation
and by reflecting solar radiation. Two mechanisms (see Figure 1a,b) have been proposed
for the formation of the cirrus clouds near the tropopause [20]. These mechanisms are
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(1) dissipation of optically thick cumulonimbus outflow anvils leaving behind an optically
thin layer of small ice clouds (see Figure 1a), and (2) in situ nucleation of the ice crystals near
the tropopause due to homogeneous freezing of high-altitude aerosols (see Figure 1b). In
Figure 1a, the water and aerosols spread in the form of thick cirrus and cirrostratus clouds,
generally below the tropopause level but seldom breaking through the tropopause into
the lower stratosphere. At very low temperatures (~—70 °C) prevailing near the tropical
tropopause, aerosols and water vapor coagulate or are frozen into ice-cloud particles.
When the cirrus clouds melt, water vapor and aerosols separate out, leaving large relative
humidity and high aerosol content in the upper troposphere, tropopause [20]. In Figure 1b,
cirrus clouds form naturally in the upper troposphere when highly dilute aerosols cool and
become supersaturated with respect to ice. Cloud particles freeze homogeneously when
water vapor reaches ice supersaturations. This supersaturation required for ice nucleation
may be generated by either slow, synoptic scale uplift or shear-driven turbulent mixing [20].

(a) Horizontal Thin cirrus (b)
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Convection [ ] & Homogeneous

.. freezing of ice ‘ ’

Large crystals 0

fall & evaporate ’ ’
P o0 Large crystals
Convergence .. fall & evaporate

Aerosols

Figure 1. Schematic illustration of the formation of cirrus clouds by two mechanisms. (a) Dissipation
of cumulonimbus outflow anvils and (b) in situ nucleation.

3. Data
3.1. CALIPSO

The CALIPSO satellite was launched on 28 April 2006 and is an integral part of NASA's
A-Train satellite constellation [21]. Its main objective is to study the role that clouds and
aerosols play in regulating Earth’s weather, climate, and air quality. The main objectives of
the CALIPSO are to (1) provide statistics on the vertical structure of clouds around the globe,
(2) detect sub-visible clouds in the upper troposphere and Polar Stratospheric Clouds (PSC),
and (3) provide statistics on the geographic and vertical distribution of aerosols and clouds
around the globe. The primary instrument aboard CALIPSO is the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), a two-wavelength laser (532 nm and 1064 nm)
operating at a pulse repetition rate of 20.16 Hz [22]. More information on the techni-
cal specifications of CALIPSO can be found in Winker et al. [23] and Winker et al. [24].
Furthermore, Winker et al. [24] give a detailed discussion on the algorithm that was de-
veloped to identify aerosol and cloud layers and to retrieve a variety of optical and micro
physical properties.

Shikwambana and Sivakumar [25], Winker et al. [26], and Papagiannopoulos et al. [27],
to name a few, have shown that Level 3 CALIPSO data products could be used for global
studies. In this study, Level 3 cloud detection data were used for global retrievals of clouds
for the period 2011-2016.



Atmosphere 2022, 13, 1514

40f11

3.2. AIRS

AIRS (Atmospheric Infrared Sounder) on the EOS/Aqua satellite was launched in
a polar orbit in May 2002. AIRS is a high spectral resolution spectrometer with 2378 IR
channels between 3.74 and 4.61, 6.20-8.22, and 8.8-15.5 um [28,29], which is essential for
atmospheric temperature and relative humidity soundings. AIRS also has four visible and
near-IR channels between 0.40 and 0.94 pm, which are mainly used for the detection of
clouds in the IR Field of View (FOV). The AIRS retrieval algorithm has been developed and
validated gradually with clear sky and clear/cloudy conditions over a non-frozen ocean
and then the non-polar land and polar cases [30]. Retrievals yield cloud fraction, cloud
top pressure and temperature, surface temperature, and vertical profiles of temperature
and water vapor. The measurements’ vertical resolution and uncertainties are described by
Aumann et al. [29]. In this study, cloud top temperature was used.

3.3. MERRA-2

The Modern-Era Retrospective analysis for Research and Applications, Version
2 (MERRA-2) is a reanalysis product generated by the NASA Global Modeling and As-
similation Office (GMAO) using the GEOS-5.12.4 system [31]. It replaces the original
MERRA reanalysis [32] and includes updates to the AGCM [33] and the Global Statisti-
cal Interpolation atmospheric analysis scheme of Wu et al. [34]. MERRA-2 is produced
using version 5.12.4 of the Goddard Earth Observing System Data Assimilation System
(GEOS DAS). Gridded data are released at a 0.625° longitude x 0.5° latitude resolution
on 72 sigma—pressure hybrid layers between the surface and 0.01 hPa. MERRA-2 assimi-
lates bias-corrected aerosol optical depth (AOD) from the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the Advanced Very High-Resolution Radiometer instru-
ments [35,36]. Buchard et al. [36] showed that the assimilated AOD observations do not
constrain aerosol speciation, absorption properties, or aerosol vertical structure; the data as-
similation system does produce diagnostics of these unconstrained quantities. They further
showed that the accuracy of MERRA-2 aerosol diagnostics depends not only on the quality
of AOD observed and the data assimilation algorithm but also on the quality of the back-
ground or forecast model. In this work, MERRA-2 is used to produce three-dimensional
fields of cloud heights, total water vapor, and total precipitation land.

4. Results and Discussion
4.1. CALIPSO Cloud Occurrence

The daytime and night-time distribution of cloud height detection over latitude for
2011-2016 is shown in Figure 2. The color bar represents the heights of the clouds detected.
The highest clouds for both daytime (left panels) and night-time (right panels) are found
in the region of the Inter Tropical Convergence Zone (ITCZ), between 10° S and 10° N.
The cloud height decreases gradually from the ITCZ due to the downward air streams
in the Hadley cell. The lowest cloud heights are found towards both poles, which is
due to the decrease in tropopause height [37]. Slight differences in cloud detections for
daytime and night-time measurements are also observed. There is a greater occurrence of
clouds during the night-time than during the daytime, especially in the lower altitudes
(>2 km) in the region 40° S-80° S. One of the reasons for the greater cloud detection
at night could be the formation of more low-level clouds. It is known that during the
night, the heat stored during the daytime radiates back into space as infrared. The surface
gets colder than the air, and that causes a thermal inversion. If there is enough moisture
in the air, it may cause clouds to form in the lower altitudes. The yearly comparison
of the latitudinal distribution of cloud detection from 2011 to 2016 further showed no
major differences except in the 40° S-80° S region. In this region, cloud detection varied
yearly, with the highest cloud detection observed in 2016. There are several factors such
as surfacing heating, frontal, increase in the amount of water in the air, convergence, and
turbulence that might have contributed to the increase in cloud formation in this region.
Seasonal studies revealed a high dominance of clouds in the 70° S-80° S (Antarctic) region
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in the June-July—-August (JJA) season (see Figure 3). The high cloud dominance could be
attributed to the advection of the moist, maritime air caused by the cyclonic circulations
over the Ross Sea and Amundsen Sea regions [38]. Moderate and low cloud detection is
observed in the September-October-November (SON) and December—January—February
(DJF) seasons, respectively, for the Antarctic region. A sudden decrease in the formation of
clouds in the DJF season suggests that moisture transport and precipitation in the Antarctic
region are primarily controlled by cyclonic activity rather than by air temperature [38].
On the other hand, Arctic clouds are dominant in the DJF and SON seasons and less
dominant in the March—-April-May (MAM) and JJA seasons. The formation of Arctic clouds
is improved by enhanced turbulent heat fluxes from the surface and subsequent horizontal
and vertical convergence of moisture and energy, suggesting a positive feedback effect on
the surface temperature [39]. This might be one of the reasons for the dominance of Arctic
clouds in the DJF and SON seasons.
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Figure 2. Daytime (left panels) and night-time (right panels) latitudinal distribution of cloud heights
for the period of 2011-2016 using CALIPSO.
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Figure 3. Seasonal averaged (2011-2016) latitudinal distribution cloud detection using CALIPSO.

4.2. Cloud Fraction Distribution for Low, Middle, and High Clouds

A 6-year global seasonal cloud fraction (CF) for low (left panel), middle (middle
panel), and high (right panel) clouds is shown in Figure 4. The color bar represents the
cloud fraction, which is the portion of each pixel that is covered by clouds. Throughout
the seasons, low-level clouds are dominant (CF~0.8) in the polar regions. They are also
dominant (CF~0.8) in the SON season in the Pacific and Atlantic Oceans and less dominant
(CF > 0.01) over the land of the equatorial region. During this season, there is a release of
large quantities of aerosols into the atmosphere as a result of biomass burning. Aerosols
serve as CCN [40], which aid in cloud formation. Albrecht [41] further showed that
an increase in aerosol concentrations tends to decrease the size of cloud droplets and
makes the precipitation formation less efficient and increases cloud lifetime. Therefore,
the dominance of clouds in the SON season in the equatorial region might be caused by
aerosols from biomass burning. Middle-level clouds, on the other hand, are still observed
in the polar regions but have a moderate cloud fraction of CF~0.5. The polar regions show
the presence of middle-level clouds (CF~0.5) in every season, except for the JJA season,
where the Arctic region shows a low CF~0.3. Middle clouds (with a low CF~0.2) are also
observed every season over land and oceans in the equatorial region. High-level clouds with
CF~0.8 are more distributed over the ITCZ region, which is correlated to deep convective
clouds (DCC) [42]. DCC at high altitudes are able to penetrate the tropopause and play
an important role in water vapor regulation in the lower stratosphere. The equatorial region
of South America has a high CF value (~0.8) and a large latitude-longitude distribution
in the SON, DJF, and MAM seasons. A lesser latitude-longitude distribution and a lower
CF value (~0.6) are observed in the JJA season, which is the driest season. This could be
attributed to a decline in rainfall as a consequence of climate change [43].
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Figure 4. Seasonal averaged distribution of cloud fraction for low (left panel), middle (middle
panel), and high (right panel) clouds using the MERRA-2 model data.

4.3. Cloud Top Temperature and Precipitation over Land

Temperatures inside a cloud can be important in modulating the cloud microphysics
to produce precipitation [44]. The global seasonal averaged cloud top temperatures (CTT)
color bar maps are shown in Figure 5. The coldest CTTs are mostly observed over land
in the ITCZ and the polar regions, while the warmest CTTs are mostly observed in the
mid-latitudes and over the oceans. JJA is the only season in South America that has CTT of
20 °C compared to CTT of ~—30 °C for the DJF, MAM, and SON seasons. This is also the
season with the highest CTT (20 °C) in southern and northern Africa. This also correlates
to low precipitation over land in those regions (see Figure 6). The color bar map in Figure 6
describes the rate at which precipitation falls to the ground. Generally;, it is observed that
regions with CTT greater than 0 °C experience less precipitation than regions with CTT less
than 0 °C. As a way of example, in every season, central Africa has CTT (~—10 °C) and has
consistent seasonal precipitation over the land of ~6 x 107 kg-m~2s~!. On the other hand,
northern Africa has CTT (~20 °C) seasonally with seasonal precipitation over the land of
~>0.5 x 107° kg-m’zs’l. Legates and Illmott [45] inferred that two-thirds of the global
precipitation falls in tropical regions of the earth between 30° N and 30° S. This was also
observed in this work for the DJF, MAM, and SON seasons. However, in the JJA season,
an increase in precipitation (between 3 — 6 x 107> kg-m2s~!) was observed above 30°
N latitude in the Eurasia region. Precipitation in this region increases due to convective
precipitation and an increase in cyclone activities [46].
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5. Conclusions
Clouds are important for global climate since they have a strong impact on solar and
terrestrial radiation as well as on the formation of precipitation. The present paper uses
various satellite and model data to study the global distribution of clouds for the period
2011-2016. The result from the study further shows that understanding clouds is critical
for forecasting weather conditions, modeling the impacts of future climate change, and
predicting the availability of water resources. The following are the important outcomes of
the study.
() From CALIPSO observations, the highest clouds for both daytime and night-time
are found in the ITCZ region. The lowest cloud heights are found towards the poles,
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which is due to the decrease in the tropopause height. There is a greater occurrence of
clouds during the night-time, which is due to favorable conditions for the formation
of low-level clouds. Seasonal studies revealed a high dominance of clouds in the
70° S-80° S (Antarctic) region in the JJA season and a high dominance of Arctic clouds
in the DJF and SON seasons.

(II) Using the MERRA-2 model data, it was observed that low-level clouds are dominant
in the polar regions. Middle-level clouds are observed both in the polar regions and
over land and oceans. High-level clouds are distributed over the ITCZ region. Most of
the precipitation over land was observed between 30° N and 30° S in the DJF, MAM,
and SON seasons. In the JJA season, precipitation was dominant above 30° N latitude
in the Eurasia region.

(II) The coldest CTTs are mostly observed over land in the ITCZ and the polar regions,
while the warmest CTTs are mostly observed in the mid-latitudes and over the oceans.
Regions with CTT greater than 0 °C experience less precipitation than regions with
CTT less than 0 °C.
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