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PREFACE

Owing to the importance of cloud in hydrological cycle, general circulation and
radiative forcing, any aspect of it is a cynosure to meteorologists as well as common
men across the globe. As the accurate representation of cloud processes and their
feedback in the general circulation models are the need of the hour, cloud studies
have been placed at a high pedestal by the meteorological community. By now, it is
well established that the cloud properties remain the largest uncertainty in climate
model forecasts. By interacting with both short- and long-wave radiation, clouds play
crucial role in the radiative budget at the surface, within and at the top of the
atmosphere. Understanding of the atmospheric radiative heating and latent heat
release associated with clouds are central to any study dealing with general
circulation as well as precipitation. Realizing the importance of clouds and their role
in predicting the climate changes, a host of studies were carried out in the past to
divulge this ubiquitous feature of the earth’s atmosphere. Most of these studies
emphasized the importance of cloud vertical structure on atmospheric circulations,
including the effects of variations of cloud top and base heights, cloud-layer
thicknesses, and the vertical distribution of multilayered clouds as they significantly
modify vertical and horizontal gradients in radiative and latent heat fluxes. The
unanimous view of many of the atmospheric researchers is that the detection of
multi layered clouds is important from climate standpoint and any attempt to
quantify the global warming should include the radiative impacts of clouds, which is
severely hampered by ignoring the multi layered cloud parameters in models. Thus
it is important to have quantitative measurements of the geographic distribution and
variations of cloud vertical layers to accurately predict the climate change.

Apart from the total cloud amount and its vertical distribution, one more important
aspect of clouds is the cloud type. It is known that depending upon the cloud type,
the radiative properties, the latent heat released and microphysical properties of
clouds largely differ. Earlier studies investigated the radiative flux changes induced
by the occurrence of different cloud types using International Satellite Cloud
Climatology Project cloud data and a radiative transfer model. These studies
emphatically showed that the cloud-type variations are as important as cloud cover
in modifying the radiation field of the earth-atmosphere system. Thus it becomes
clear that apart from the three-dimensional distribution of cloud cover, it is
important to have cloud type distribution to quantify the feedback provided by the
clouds in totality.

The Indian summer monsoon (ISM) is one of the most investigated topics in the
realms of meteorology. This synoptic system serves as natural laboratory for cloud
studies. Many studies on the ISM by several researchers across the globe contributed

1



constructively to the present understanding of this enigmatic large-scale system.
Generally, it is believed that the continental-scale land-sea thermal contrast drives
the large-scale Monsoon circulation. However, once the monsoon is set, its
advancement, maintenance and withdrawal depends not only on the large-scale
dynamics but also on the internal dynamics initiated by the cloud systems embedded
within the monsoon system. These cloud systems over the ISM region modify the
thermal structure and moisture budget of the troposphere by releasing latent heat,
modifying the radiative heating and through precipitation. Thus the clouds are an
important integral part of the monsoon system and any attempt to understand the
latter should include the detailed investigations on the former. Even though there
are studies on cloud distribution over the ISM region, there are no studies focusing
on vertical structure of cloud type distribution. Sufficient knowledge of the spatial
distribution of individual cloud types would aid the accurate radiation and latent
heat calculations, which in turn will help in accessing the role of clouds in
maintaining and advancement of the ISM. So it becomes important to know, which
types of clouds occur over which region of ISM.

The major gap areas in the realms of cloud studies are the vertical distribution of
various cloud types, multi-layered clouds and the associated dynamics. In this
regard, the present thesis focuses on understanding the three-dimensional
distribution of various cloud types and the role background dynamics in their
distribution over the ISM region. The vertically resolved multi-layered cloud
distributions as well as vertical structure of latent heating are also addressed in the
present thesis. The principal data used for the present work is the five years of
CloudSat observations during 2006 to 2011. Using CloudSat observations, role of
dynamics in three dimensional distributions of various cloud types over the ISM
region is investigated for the first time. Further, the formation mechanism in terms
of background dynamics for various cloud types is also examined. Using the CloudSat
observations over several tropical cyclones formed in the North Indian Ocean
surrounding Indian subcontinent during 2006 to 2014, a composite distribution of
cloud types is constructed for the first time. This study revealed what type of clouds
present in which part of tropical cyclone. As clouds in tropical cyclones are
interconnected with cyclones dynamics and play a very important role in its
sustenance and intensification, the results obtained in the present study assumes
their importance. The distribution of multi-layered clouds in connection with
general circulation of the atmosphere is also investigated using CloudSat
observations and re-analysis fields. Apart from these, the vertical structure of latent
heating of precipitation clouds as observed by Precipitation Radar on board Tropical
Rainfall Measuring Mission over ISM region and their association with various cloud
types are also investigated.
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Chapter 1 Introduction to Clouds

Chapter 1

Introduction to Clouds

“Clouds are pictures in the sky

They stir the soul, they please the eye

They bless the thirsty earth with rain,

which nurtures life from cell to brain-

But no! They're demons, dark and dire,

hurling hail, wind, flood, and fire

Killing, scarring, cruel masters

Of destruction and disasters

Clouds have such diversity-

Now blessed, now cursed,

the best, the worst

But where would life without them be?”

-Vollie Cotton

1.1 Introduction
The earth’s atmosphere is twitchy fluid rotating around the earth and constantly
driven by the heat from the Sun. The atmospheric processes influence the other
parts of the earth’s environment, namely biosphere, hydrosphere and lithosphere.
The atmosphere seems to be a very thin layer and consist of gases, which provides
an indispensible shield from the harmful radiation from the Sun. Based on vertical
structure of temperature, the Earth’s atmosphere is divided into five different layers,
viz, Exosphere, Thermosphere, Mesosphere, Stratosphere and Troposphere. Out of
the five layers, Troposphere is the lowest layer of earth’s atmosphere, where all the
weather phenomena occur and the present thesis work is mainly focused on this
part of the atmosphere. Troposphere means the realm of mixing, because air is
vigorously mixed and stirred by storms, convection and wind systems. The
troposphere, whose thickness varies with location and season, has an average height
of ~16 km in tropics. In this region, the temperature decreases with a lapse rate of

about 6.5 K/km of altitude. The height where the temperature stops decreasing is

referred to as tropopause, a thin zone of transition between the troposphere and the
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Chapter 1 Introduction to Clouds

stratosphere. The uneven heating of the regions of the troposphere by the Sun
causes convection currents, large-scale patterns of winds that move heat and
moisture around the globe. The presence of the large amount of water vapour in this
layer is responsible for formation of clouds and precipitation. A cloud is a visible
aggregate of tiny water droplets or ice crystal suspended in the air. The clouds are

the main focus of the present thesis.

The clouds formed in the Earth’s atmosphere play a key role in modulating the
radiation budget of the planet, in hydrological cycle and in driving the large-scale as
well as mesoscale atmospheric circulations. Being a one of the sources for fresh
water, the clouds are of fundamental importance to common men. Studies of clouds
are cynosure for many atmospheric researchers as they play myriad role in many
processes taking place in the Earth's atmosphere, especially precipitation and latent
heating. Analyses from the International Satellite Cloud Climatology Project (ISCCP)
reveal that the global mean cloud coverage fraction is 68.6%. Thus, from space, the
earth appears as a planet semi-enshrouded by these visible aggregates of water
drops and ice crystals. These masses of clouds are an integral part of global climate
and water cycle and also an integral part of weather forecasting analysis. In addition,
clouds aid in redistributing extra heat from the equator towards the poles and are
required for precipitation to occur and hence, are an essential part of hydrological
cycle. The balance between incoming and outgoing energy determines the Earth's
temperature and ultimately climate. Even small changes in the abundance or
location of cloud could change the climate more than the anticipated changes caused
by greenhouse gases, anthropogenic aerosols, or the factors associated with global
change. There is no dispute on the importance of clouds in controlling both weather

and climate of a given location.

Clouds exhibit a wide variety of sizes and shapes, which reflect variations in the
atmospheric processes leading to their formation. Individual cloud for example,
small cumulus clouds cover a few hundred meters in the horizontal and vertical and
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normally have a lifetime of less than an hour. Clouds are also directly linked to
several weather phenomena. Rain and snow are obviously produced in clouds, as are
thunder and lightning. The latent heat released in the atmosphere due to
condensation and freezing processes is known to be one of the most important
processes, which helps in maintaining the tropical storms as well as driving the
tropical circulation. The clouds nuance the radiative fluxes emitted both by the sun
and the earth that we experience every day. If clouds form on a sunny day the
maximum temperature near the surface will be lower than without them, a direct
consequence of the reflection of sunlight by clouds. Like that, if the sky is enclosed by
low clouds at night the near-surface temperature will not drop as low as beneath
clear sky conditions due to the trapping of terrestrial radiation by the clouds.
Because of these reasons, it is obvious that it is desirable for any form of weather
forecast to include a prediction of the occurrence and type of clouds and

precipitation.

Depending on their characteristics and height in the atmosphere, clouds can
influence the energy balance in different ways. The way in which clouds interact
with the environment and affects the Earth's radiative energy balance is one of the
primary uncertainties in global circulation models. The observations of clouds are
more important for improving and validating the numerical models of Earth's
climate and for seasonal and longer term climate predictions. The role of clouds
remains a major uncertainty in current day climate change simulations. Long back, it
has been realized that Global Circulation Models should include the accurate
representation of the clouds in their models. Since then considerable amount of
work has been devoted towards the exploration of clouds. Most of these studies gave
emphasis on cloud amount and its vertical distribution. Apart from the total cloud
amount and its vertical distribution, one more important aspect of clouds is the
cloud type, which will be discussed later in this chapter. It is known that depending
upon the cloud type, the radiative properties, the latent heat released and
microphysical properties of clouds largely differ. Earlier studies investigated the
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radiative flux changes induced by the occurrence of different cloud types using ISCCP
data and a radiative transfer model. These studies emphatically showed that the
cloud-type variations are as important as cloud cover in modifying the radiation field
of the earth-atmosphere system. Thus it becomes clear that apart from the three-
dimensional distribution of cloud cover, it is important to have cloud type

distribution to quantify the feedback provided by the clouds in totality.

1.2 Formation of clouds in the Earth’s atmosphere

Besides Nitrogen (78% by volume) and oxygen (21% by volume), atmospheric air
contains the water vapour, which has very high spatio-temporal variability in the
lower troposphere. Typically, the water vapour varies in the range of 0-4% in the
atmosphere. The capacity of the air to hold the water vapour decreases with
temperature. The air can hold a certain amount of water vapour and when it can take
no more it is said to be ‘saturated’. When a parcel of air rises, it expands and cools
adiabatically. Eventually, the air becomes saturated, that is, its vapour pressure is the
same as the saturation vapour pressure at that temperature. Further rising of the air
parcel leads to condensation, i.e. the formation of liquid water. If the temperature is
below zero degrees Celsius, super cooled water droplets form, otherwise water
droplet freezes and becomes ice crystal, where the temperature is too low. Rising
unsaturated air (i.e., air that does not contain the water droplets) cools at 9.8 degree
centigrade per kilometre, adiabatically. Once cloud has begun to form, the latent heat
of condensation is released inside the rising air parcel, as a result of which the
ascending air cools at less than 9.8 degree centigrade per km (between 4 and 7
degree centigrade per km). For any cloud droplet to form there must be
condensation nuclei present. These cloud condensation nuclei (CCN) are tiny
particles suspended in the air, for example sea salt or dust. Fortunately, there are
plenty of CCNs in the air. Therefore, no water droplets are ever made up of only pure
water but will have impurities. One of the important processes in the formation of
clouds is the lifting mechanism, i.e. lifting the air parcel from the surface to higher
altitudes, where temperature is relatively low so that water vapour condenses to
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form clouds. There are four main lifting mechanisms such as orographic lifting,

frontal lifting, convergence and convective heating.

Orographic Lifting: In this mechanism, the air lifted over a barrier, like a mountain.
As the air flow across the barrier or the mountain, it has to rise up because it
nowhere to go further. Air parcel cools and expands, when it ascend over the
mountain. Maximum moisture in the air parcel condenses and forms a cloud over the
side of the mountain, which is known as the windward side. The cloud formed in this

mechanism is called as ‘orographic cloud’.

Frontal Lifting: Another mechanism for cloud formation is the frontal lifting. Where
the two air masses of different densities meet, a front will be formed at the interface.
In a frontal lifting, an air mass is lifted up over the other air mass and a vertical
motion is induced in the atmosphere. There are two fronts that occur in the
atmosphere known as cold front and warm fort. A cold front happens when the cold
air mass advances into a warm air mass; whilst a warm air mass advances onto a
cold air mass, warm front will occur. Cold fronts can develop in vertical direction and

form the thunderstorms. Therefore, a cold front brings vibrant changes in weather.

Convergence is when the air converges around the centre of a low pressure area. As
the air flows from one place to another place horizontally and meets the low
pressure area along the surface of the earth, then it is forced to ascend and form the
clouds. The Inter Tropical Convergence Zone (ITCZ), where trade winds from both

the hemispheres meet, is one of the cloudiest regimes in the Earth’s atmosphere.

Convective Lifting: When the sun heats the ground, the air which in turn heats at
the surface through conduction. The warm air at the ground will eventually rise. The
rising air will expand and cool thus leads to formation of the clouds. If the
atmosphere is stable, fair weather cumulus clouds form. If the atmosphere is
unstable, then the cloud can develop vertically and forms the deep convective clouds
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or thunderstorms. The higher the surface temperature, the more convection occurs
and vigorous thunder storms may occur with the availability of moisture in the
atmosphere. The uneven surface heating by the solar radiation plays an important

role in convective lifting.

1.2.1 Stability of the atmosphere

When a parcel of air rises in the atmosphere adiabatically, it expands and cools.
When the air parcel is unsaturated (i.e. relative humidity is less than 100%) the rate
at which the temperature of the air parcel decreases is called the dry adiabatic rate.
As the raising air cools, relative humidity increases as air temperature approaches to
dew point temperature. The dew point temperature is the temperature to which air
must be cooled at constant pressure to get it saturated. If the air cools to dew point
temperature, the relative humidity becomes 100%, on further lifting, condensation
happens and cloud formation takes place. Latent heat is released into the raising air
due to the phase changes in the water molecules. This heat added due to
condensation, offsets the cooling due to expansion of the air parcel. So, the air now
cools at a lower rate than the dry adiabatic rate called the moist adiabatic rate. When
saturated air parcel sinks it is compressed and warmed at moist adiabatic rate since
the warming causes evaporation, which in turn decreases the rate of warming to

moist adiabatic rate.

Stability of the atmosphere can be determined by comparing the temperature of a
rising parcel to that of its surroundings. If the rising air is colder than its
environment, it will be denser (heavier) and tend to sink back to its original level. In
this case, the air is said to be stable because it resists upward movement. If the rising
air is warmer and, therefore, less dense (lighter) than the surrounding air, it will
continue to rise until it reaches the same temperature as its environment. This is an
example of unstable air. The rate at which the air temperature changes with
elevation is called the lapse rate. Since this is the rate at which the air temperature
surrounding us will be changing if we start climbing upward into the atmosphere, we
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can call it the environmental lapse rate. The atmosphere is always absolutely stable
when the environmental lapse rate is less than the adiabatic lapse rate, in the case of
unsaturated parcel. Since air in an absolutely stable atmosphere strongly resists
upward vertical motion, it will tend to spread out horizontally if forced to rise. The
atmosphere is said to be unstable when the environmental lapse rate is more than
the adiabatic lapse rate. In the unstable atmosphere, there is more chances for the
formation of deep convective systems reaching as high as tropopause. The
atmosphere is said to be neutral when the environmental lapse rate is equal to the
adiabatic lapse rate. In the case of saturated parcel, the environmental lapse rate will
be compared with moist adiabatic lapse rate to determine the stability of the
atmosphere. The stability of the atmosphere is thus very important component for

the formation of clouds and their vertical development.

1.3 Classification of Cloud Types

Before 18th century, a complete description about cloud characteristics was not
available. Valuable information on the meteorological history, in general, can be
found in the text books by Frisinger (1977), Middleton (1965), Khrgian (1970) and
Schneider-Carius (1955). Lamarck (1744-1829) is the one who realized the various
forms of clouds and first to give a simple classification of clouds in the year 1802.
Even though, his cloud classification received a little attention during that time.
Howard (1772-1864), an English naturalist, lived almost contemporaneously with
Lamarck and developed a cloud classification system, which was well received and
got general acceptance by the meteorological community. Howard employed Latin
words to describe clouds as they appear to a ground observer. He named a sheet like
cloud stratus (Latin for “layer”); a puffy cloud cumulus (“heap”); a wispy cloud cirrus
(“curl of hair”); and a rain cloud nimbus (“violent rain”). In Howard’s system, these
were the four basic cloud forms. Other clouds could be described by combining the
basic types. In 1887, Abercromby and Hildebrandsson expanded Howard’s original
system and published a classification system with only slight modification, which is

still in use today. In fact, several scientists [Scorer, 1963; Howell, 1951] have
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attempted to design a classification scheme based on cloud motions. However,
meteorologists wish to label the various cloud forms, which generally adhere to the
classifications given in the International Cloud Atlas [World Meteorological Society,
1956]. Ten principal cloud forms are divided into four primary cloud groups. Each
group is identified by the height of the cloud’s base above the surface: high clouds,
middle clouds, and low clouds as given in Table 1.1. The fourth group contains
clouds showing more vertical than horizontal development. Within each group,
cloud types are identified by their appearance. Figure 1.1 shows the classification of

clouds according to height and form. This figure corresponds to midlatitude region .

Table 1.1 Cloud classifications

High level Middle level Low level clouds | Clouds with vertical
Clouds clouds development
Cirrus(Ci) Altostratus(As) Stratus(St) Cumulus(Cu)
Cirrostratus (Cs) | Altocumulus(Ac) | Stratocumulus(Sc) | Cumulonimbus(Cb)
Cirrocumulus (Cc) Nimbostratus(Ns)

1.3.1 High level Clouds

High level clouds in middle and low latitudes generally form above 6000 m (20,000
ft). Because the air at these elevations is quite cold and “dry,” high clouds are

composed almost exclusively of ice crystals and are also rather thin.

Cirrus: The most common high clouds are the cirrus (Ci), which are thin, wispy
clouds blown by high winds into long streamers called mares’ tails. They look like a
white, feathery patch with a faint wisp of a tail at one end. These clouds generally
moves along the background wind. Usually the presence of cirrus cloud in the

atmosphere indicates the pleasant weather conditions.

Cirrocumulus: These clouds seen less frequently than cirrus, appear as small,

rounded, white puffs that may occur individually or in long rows. When in rows or
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small wave shape, the cirrocumulus cloud has a rippling appearance that
distinguishes it from the silky look of the cirrus and the sheet like cirrostratus.
Cirrocumulus seldom cover more than a small portion of the sky. The rounded
patches or the marked with spots of cirrocumulus cloud reflects the sunlight in red

and yellow color and thus looks one of the most beautiful clouds.
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Figure 1.1: Cloud classification (Figure courtesy: Encyclopaedia Britannica, Inc,
2012)
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Cirrostratus: The thin, sheet like, high clouds that often cover the entire sky are
cirrostratus (Cs). They are so thin that the sun and moon can be clearly seen through
them. The ice crystals in these clouds bend the light passing through them and will
often produce a halo, a ring of light that encircles the sun or moon. These clouds
cover the entire sky with white appearance. Cirrostratus and altocumulus clouds are
frequently forms with prior to the advancement storms. Thus these kinds of clouds

generally used to predict the precipitation within 12 to 24 hours.

1.3.2 Middle level Clouds

The middle clouds have bases between 2000 and 6000 m (6500 to 20,000 ft)altitude
region.. These clouds are composed of water droplets and when the temperature

becomes low enough, some ice crystals will be formed.

Altocumulus: These clouds are middle level clouds that are composed mostly of
water droplets and are rarely more than 1 km thick. They appear as gray, puffy
masses, sometimes rolled out in parallel waves. Generally, one portion of
altocumulus cloud is darker than the portion of these cloud. This will help to identify
the altocumulus clouds from the high level clouds such as cirrocumulus clouds. By
the appearance of individual altocumulus cloud in puffy shapes are larger than he
higher cloud of cirrocumulus. Sometimes these clouds looks like a castellated
appearance in the sky, that is their upper parts looks like castle turrets. Sometimes
these turrets are small cumulus clouds growing from the altocumulus and their
presence shows that the atmosphere is unstable at middle levels in the atmosphere.
Further, these turrets clouds can become tall enough for precipitation to form and

this precipitation will soon evaporates, but it may reach the ground occasionally.

Altostratus: It is a gray or blue-gray cloud composed of ice crystals and water
droplets. Altostratus clouds often cover the entire sky across an area that extends

over many hundreds of square kilometers. The clouds around the sun having the
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gray color and dimness of the sunlight are the indication of occurrence of an
altostratus cloud. The fact that halos only occur with cirriform clouds also helps one
to distinguish them. Another way to separate the two is to look at the ground for
shadows. If shadow is not seen, the cloud is altostratus because cirrostratus are
usually transparent enough to produce them. Altostratus clouds often form ahead of

storms having widespread and relatively continuous precipitation.

1.3.3 Low level Clouds

Low level clouds have base lying below 2000 m (6500 ft). They are almost
composed of water droplets; however, in cold weather, they may contain ice

particles and snow.

Stratus: Stratus cloud is a uniform grayish cloud that often covers the entire sky. It
resembles a fog that does not reach the ground. Normally, no precipitation falls from
the stratus, but sometimes it is accompanied by a light mist or drizzle. A thick layer
of stratus might be confused with nimbostratus, but the distinction between them
can be made by observing the low base of the stratus cloud and that light to
moderate precipitation occurs with nimbostratus. Moreover, stratus often has a
more uniform base than does nimbostratus. Also, a deck of stratus may be confused
with a layer of altostratus. However stratus are lower and darker gray and that the

sun normally appears “watery” through altostratus.

Nimbostratus: 1t is a dark gray, “wet”-looking cloudy layer associated with more or
less continuously falling rain or snow. The base of the nimbostratus cloud is
normally impossible to identify clearly and its top may be over 3 km (10,000 ft)
higher. Nimbostratus is easily confused with the altostratus. Thin nimbostratus is
usually darker gray than thick altostratus, and normally cannot see the sun or moon
through a layer of nimbostratus. When the nimbostratus cloud is present, the

visibility underneath of this cloud is very poor because precipitation will evaporate
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and mix with the air in this region. If this air becomes saturated air, then the fog

forms below the nimbostratus cloud base.

Stratocumulus: They are low lumpy clouds that appear in rows, in patches, or as
rounded masses with blue sky visible between the individual cloud elements. Often
they appear near sunset as the spreading remains of a much larger cumulus cloud.
Occasionally, the sun will shine through the cloud breaks producing bands of light
(called crepuscular rays) that appear to reach down to the ground. The color of
stratocumulus ranges from light to dark gray. It differs from altocumulus in that it

has a lower base and larger individual cloud elements.

1.3.4 Clouds with vertical development

Cumulus: Cumulus is a puffy cloud takes on a variety of shapes, but most often it
looks like a piece of floating cotton with sharp outlines and a flat base .The base
appears white to light gray, and on a humid day, may be only 1000 m (3300 ft) above
the ground and a kilometer or so wide. The top of the cloud often in the form of
rounded towers denotes the limit of rising air and is usually not very high. These
clouds can be distinguished from stratocumulus by the fact that cumulus clouds are
detached (usually a great deal of blue sky can be seen between each cloud) while
stratocumulus usually occur in groups or patches. Also, the cumulus has a dome or
tower-shaped top as opposed to the generally flat tops of the stratocumulus.
Cumulus clouds are associated with fair weather because their vertical development

is small; therefore, these clouds are called “fair weather cumulus.”

Cumulonimbus or deep convective clouds: If a cumulus cloud continues to grow
vertically, it develops into a massive cumulonimbus (Cb) , a thunderstorm cloud.
While its dark base may be no more than 600 m (2000 ft) above the earth’s surface,
its top may extend upward to the tropopause, over 12,000 m (39,000 ft) higher in
the midlatitude and 16,000 m in tropics. Tremendous amounts of energy released by

the condensation of water vapor within a cumulonimbus result in the development
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of violent up and downdrafts, which may exceed ~3 m/s. The lower (warmer) part
of the cloud is usually composed of only water droplets. Higher up in the cloud,
water droplets and ice crystals both abound, while, toward the cold top, there are
only ice crystals. The great thunderheads may contain all forms of precipitation
Jarge raindrops, snow- flakes, snow pellets, and sometimes hailstones ,which can fall
to earth in the form of heavy showers. Lightning, thunder, and even tornadoes are

associated with the cumulonimbus.

1.4 Microphysical properties of clouds

Apart from the physical properties of clouds such as their appearance, height and its
fraction, clouds can be characterized by their microphysical properties. The
microphysical properties of clouds are cloud droplet size, liquid water content
(LWC) and ice water content (IWC), which can controls the hydrological cycle of
earth. The LWC and IWC are the amount of water or the amount of ice per cubic
meter of air in gm-3. The formation of precipitation and the amount of rainfall
depends on cloud liquid water content and also on the droplet size. These
microphysical properties of clouds play an important role in radiative budget of the
earth’s atmosphere, i.e. by reflecting the considerable fraction of solar radiation that
the cloud reflects back to space. The amount of reflected sunlight depends on the
type of cloud and the amount of liquid/ice water content within the cloud. Besides
this reflectance, emissivity and optical depths are the radiative properties of clouds.

The cloud droplets occur in wide range of sizes for different type of clouds.

Figure 1.2 depicts the droplet diameter versus droplet number for some of
individual cloud types, which show a broad range of droplet sizes. It can be noted
from figure 1.2 that some types of cloud contain small droplets while other cloud
types show a broad range of droplet sizes. The drop size distribution peaks at ~ 7
um for fair weather cumulus and stratocumulus cloud with droplet concentration of
~ 170 cm3® and ~80 cm3, respectively. The lower level clouds such as the

nimbostratus and stratus cloud has the broad distribution of droplet diameter
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ranging from ~ 5-20 um with droplet concentration of ~40 cm3. The cumulus
congests with considerable vertical development has the large droplet diameter of
around 10-20 pm with droplet concentration of ~80 cm3. Also, the mid-level cloud,
altostratus has considerably large droplet diameter (~10 pm) and concentration
(~140 cm3). The sum of all masses of the droplets with in each type of clouds
defines its amount of liquid water content or ice water content. The typical values of
microphysical properties of various clouds are given in Table 1.2. The droplets of
water in a typical cloud range in size from two hundredths of millimetre in diameter
to about twenty times this size. The range of liquid water content for Cumulus cloud
is 0.05 to 0.2 gm3, but it may reach up to 0.6 gm-3 during its development stage. The
highest value of liquid water content (~ 5gm-3) is found in the deep convective
clouds. High level clouds such as cirrus clouds are having the lowest number of
droplets with large dynamic range. The number of cloud droplets depends on the
number of Cloud Condensation Nuclei (CCN), which in turn depends on the aerosol
concentration in cubic meter of air where the clouds form. The number of aerosols
will decrease with height and very few aerosols serve as CCN at mid-levels, which
results in smaller concentration of cloud droplets as compared to clouds formed at

lower level such as St/Sc cloud.

1.5 Experimental techniques for cloud observations
a. Ground based observations of clouds

A detailed understanding of the variability of cloud distribution with time and space
is essential for accounting the feedback processes among clouds, radiation and the
circulation of the atmosphere on both the regional as well as global scale.
Observations of the space time variability of clouds which are blanket around the
globe are imperative for understanding how it affects the global energy, hydrological
cycle and the climate change. Meteorologist have been observing the day-to-day
weather and keeping the records about clouds properties for generations. The

surface based weather records have made significant contributions to our present
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understanding of clouds.
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Figure 1.2: Typical droplet size spectra for different types of clouds (redrawn from
Quante [2004]).

Table 1.2 Typical values of microphysical properties of various clouds formed in the
earth’s atmosphere (Quante [2004] and Pruppacher and Klett [1997, 1978]).

S.No. | Cloud Type | Parameter Typical | Range of
value values
1 Marine Sc Cloud particle concentration (cm-3) 150 45-300
LWC (gm3) 0.4 0.1-0.6
2 Continent Sc | Cloud particle concentration (cm-3) 250 40-500
LWC (gm3) 0.3 0.03-0.45
3 Cu LWC (gm3) - 0.05-0.2
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4 Cu congest LWC (gm3) - 0.5-2.5

5 DC LWC (gm3) - 1.5-5

6 Nimbostratus | LWC (gm-3) - 0.2-0.5

7 Ac/As Cloud particle concentration (cm-3) 100 30-1000
LWC (gm3) 0.03 0.01-0.75

8 Cirrus Cloud particle concentration 30 10-4-104
IWC (gm-3) 0.02 10-4-0.5

These ground based cloud observations are very useful in studying the climate
variability, which are constructed from synoptic weather observations. These
surface based observations and measurements make important contributions to the
climatic data record for a particular location by providing the very high temporal
coverage. But these are limited mostly over the continents [Kidd and Barret, 1990;
Norris, 1998; Norris, 2000; Kidd, 2001]. To the date meteorologists observe visually
in the sky and measure the total cloudiness in terms of eights or tenths of sky cover.
Further, they identify the low, mid, and high level cloud types by following the
synoptic code given by WMO (WMO, 1974). One should keep in mind that the
measured fraction of cloud covering over the sky may not be the same as the fraction
of cloud covering the entire earth. The main advantages of ground based
observations are that they provide the regular identification of cloud type, multi
decadal time records of cloud history and unobstructed view of low level clouds.
However, if sky cloud cover is homogenous they can obstruct the view of high level

clouds, where the space based observations are immensely important.

b. Space based observations of clouds

With the limited weather station networks over the continents and the
impracticality of making the observation over the oceans, a comprehensive
description of the space and time variability of global cloud distribution can only be

achieved from the vantage point of space. Space based observations can provide the
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certain type of cloud measurements at high spatial and temporal scales. These space
based observations complement the surface based observations. These observations
are foremost important to the comprehensive data base of earth’s cloud ever
obtained. The space based observations also provide inputs to design the future
satellite missions with greater observing capabilities. These measurements are very
important as they provide the new insights into the cloud dynamics and their
feedback to general circulation. Further, it is very useful for evaluating the prediction
capabilities of climate models. The space based remote sensing of clouds can be
broadly classified into passive and active remote sensing techniques [e.g., Stephen

and Kummerow, 2007].

i. Passive remote sensing of clouds from space

Space based observations of clouds in the visible, near- IR and thermal IR bands have
enormously contributed to the current understanding of the global distribution of
clouds and their properties [e.g., Rossow, 1989; Roca et al., 2002]. Passive remote
sensing instruments receive the sunlight reflected/emitted from the surface of the
earth and clouds and deduce the properties of clouds by using suitable techniques.
The passive remote sensing instruments onboard satellites operate in the visible and
near-IR channel in the wavelength range of 0.55-1.05 um, IR channel in 10.5-12.5 pm
and the water vapour channel in the range of 6.2-7.6 um. Most of the space based
techniques are centred on the passive remote sensing and provides the two
dimensional properties of clouds. Many of the passive remote sensing measurements
are limited to the uppermost layer of the cloud and vertically integrated properties
of cloud. The synoptic scale distribution of cloud is important because regional
anomalies of radiative cooling and latent heating have a major influence upon the
energetics of the atmospheric circulation. This type of information cannot be
obtained from sun-synchronous polar-orbiting satellites since they sample a location
at a fixed local time. Observations by geostationary satellites, which constantly
observe a particular region of the globe, are ideal for this purpose. During 1979, five

geostationary satellites were launched that carried the spin scan imaging systems
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that provide continuous observation of the entire globe, apart from the Polar
Regions (Houghton, 1979a; 1979b). These observations are very useful for studying
the diurnal properties of clouds at regional scales. The first images of the cloud in
connection to meteorological processes were provided by the Television and
Infrared Observation Satellite (TIROS-1), which was launched in April 1960. The
geostationary meteorological satellite provides the information about the cloud
movement around the earth at every 30 seconds, but more typically every 30
minutes. Even though, the resolution of those satellite images is coarser than that of
the polar-orbiting satellites, but their ability to provide the continuous monitoring of
the atmosphere is very crucial for short-range weather forecast. Such short time
interval observations are very essential for investigating the lifecycle of convective
cloud systems and its diurnal evolution. But the geostationary satellites are placed at
very high altitudes and the observations made by them are very poor compared to
polar orbiting satellites. However, high temporal resolution measurements provided
by geostationary satellites cannot be achieved by the polar orbiting satellites. The
geostationary satellites data are extensively used in the global analysis of clouds,
carried out by the ISCCP. There are several countries having the geostationary
meteorological satellites for weather monitoring, which includes USA (GOES),
Europe (Meteosat), Russia (GOMS), Japan (GMS), China (FY) and India (INSAT). India
has launched several geostationary satellites to provide the continuous weather
information in the visible and IR bands since 1983. These satellites are referred as
INSAT series (INSAT-1 (A-D), 2 (A, B, E) and Kalpana-1, INSAT3A, INSAT-3D, 3DR)
and observations of these satellites are also used in ISCCP [e.g., Rajeev et al., 2008].
The Nimbus-E Microwave Sounder (NEMS) and the Scanning Microwave Sounder
(SCAMS), flown on the Nimbus-5 and 6 satellites respectively, demonstrated the
potential applications of microwave remote sensing in satellite applications to
retrieve the atmospheric parameters such as amount of water vapour and
temperature profile (Waters et al., 1975, Kunzi et al., 2011). Later on, the microwave
limb scanning sensors designed to measure the atmospheric composition have
become prominent with the launch of Upper Atmosphere Research Satellite (UARS)
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by NASA. Passive microwave radiometers also provide the three-dimensional
perspective of clouds by sensing the radiation reflected from clouds and the
atmosphere at multiple frequencies around the absorption line [Simpson et al.,

1988].

ii. Active remote sensing of clouds

A passive satellite sensor measures the natural thermal radiation and depends on
the day light also. Whilst the active satellite sensors emits its own radiation and
detects the radiation reflected/scattered from the clouds in the atmosphere, thereby
provides the three-dimensional distribution of cloud properties without depending
on the day light conditions. Active sensors, for example RADAR (Radio Detection and
Ranging), sends the electromagnetic wave pulse into the atmosphere from satellite
and receives the reflected radiation from the hydrometeors with elapsed time
interval between emission and return. Thus radar is able to provide the vertical
structure of cloud properties. The main advantages of active sensors include the
ability to measure anytime regardless of day and time of the season. Tropical Rainfall
Measuring Mission -Precipitation Radar (TRMM-PR) is the first space borne radar
launched jointly by USA and Japan in 1997 with operating frequency of 13.8 GHz. It
provides the vertical distribution of precipitation over the tropical regions with a
vertical resolution of 250 m over the ocean and land. The swath width of TRMM-PR
is 220 km and it can detect the light rain rates to heavy rain rates [Simpson et al,
1996; Kummerow et al., 1998; Iguchi et al., 2000, Anagnostou, 2004]. TRMM-PR has
filled many gap areas in the understanding of cloud dynamics and its connection
with the circulation patterns. It provided the first space based quantitative
estimation of precipitation and classification of convective and stratiform cloud
systems. In line with this, the CloudSat and CALIPSO launched in 2006 have
immensely contributed to the present understating of the vertical structure of cloud
distribution over the globe [e.g., Stephens et al., 2002; Cetrone and Houze, 2009].
CloudSat operates at millimetre wavelength frequency (94 GHz) and CALIPSO is a

lidar. CloudSat is able to detect the non-precipitating clouds to very light drizzle
27



Chapter 1 Introduction to Clouds

clouds, but it cannot detect the very thin high level clouds. On the other hand,
CALISPO is able to detect thin high level clouds which are not detected by CloudSat.
At the same time, CALIPSO cannot detect very thick cloud where CloudSat can detect
them. Thus the combination of CloudSat and CALIPSO measurements has been
tremendously contributed to the understanding of the vertical distribution of clouds

on a global scale.

1.6 A brief note on Indian Summer Monsoon

Tropical belt is the source region for the energy that drives the general circulation of
the atmosphere as it has the maximum influx of solar radiation and thus plays a very
important role in transporting the heat and moisture along the meridional direction.
Tropical region having the warmer and humid atmosphere is conducive for the
formation clouds, frequently. Of the various phenomena that characterize the
tropical region, the most visible feature is the ITCZ, where the moisture laden winds
from both the hemispheres converge to form a zone of large convection, cloudiness
and precipitation. This constitutes the ascending branch of the Hadley circulation to
mark the meteorological equator. The convective cloud system of ITCZ is critical in
terms of latent heat release and its contribution to planetary albedo in the
atmosphere. The ITCZ has a periodic movement in the north-south direction in tune
with the apparent annual migration of the Sun [e.g., Webster et al., 1998]. Associated
with periodic moment of ITCZ, there are long periods or seasons of wet weather,
called the monsoons. Over Indian region, during June to September, the winds are
south-westerly to westerly on the equatorward side and easterly on the other side of
ITCZ and the monsoon is referred to as South-West monsoon and also Indian
summer monsoon (ISM). Generally, it is believed that the continental-scale land-sea
thermal contrast drives the large-scale Monsoon circulation. The ISM is one of the
most investigated topics in the realms of meteorology. This synoptic system serves
as natural laboratory for cloud studies. The following rough estimation illustrates

the importance of ISM in terms of its contribution in energy budget over the Indian
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region. The average radiation received over the Earth’ surface is ~ 170 Watt/m2. The
radiation received over the Indian region (i.e., from 5-30°N; 71-95%E) is 1.06x1015
Watts. The average amount of rainfall for 120 days during the ISM over the Indian
region is ~ 4 x 1015 Kg. Therefore, the heat liberated by the monsoon rains over the
Indian region is 0.96 x 101> Watts. Thus, the latent heat liberated by monsoon rains
in the atmosphere over the Indian region is almost equal to the shortwave radiation

received by the same area [Subbaramayya and Ramanadham, 1981].

1.7 Studies on global distribution of clouds

Investigations on global distribution of clouds using space based measurements have
been greatly contributing to the present understanding of clouds and their
properties over the variety of geographical locations. Analyses from the ISCCP reveal
that the global mean cloud coverage fraction is 68.6%. [Rossow, 1989; Hemsfiled and
Fulton, 1994; Rossow and Schiffer, 1999; Wang and Rossow, 1998; Hartmann et al,
2001; Gambheer and Bhat, 2001; Sathiyamoorthy et al., 2004; Roca et al., 2005;
Meenu et al., 2010; Rajeevan et al., 2012; Nair et al., 2011; Hazra et al., 2015]. Clouds
play a pivotal role in modulating the weather and climate of the earth’s atmosphere
by changing the radiation balance through vertical and horizontal transfer of energy,
atmospheric thermo-dynamical structure and hydrological cycle. Clouds are
principal factors in governing radiation energy balance regionally as well as globally.
By interacting with both short- and long-wave radiation, clouds play crucial role in
the radiative budget at the surface, within and at the top of the atmosphere
[Trenberth et al., 2014; L'Ecuyer, et al., 2015; Stephens and L'Ecuyer, 2015]. The
temporal and spatial distribution of cloud systems determine the time and place of the
heat release. Tropical cloud clusters modify the vertical heating adequately to amend
the large-scale circulation and deep convection [Houze, 2010]. Cloud vertical
structure, including its top and base altitudes and cloud thickness affects the large-
scale circulation by altering the gradients of total diabatic heating/cooling [ Webster
and Stephens, 1984]. Wang et al. (2000) reported the climatology of cloud vertical

structure using global rawinsonde observations of humidity profiles and provided
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the much needed information about single and multi-layer clouds [Wang and

Rossow, 1995; Wang et al., 2000; Huang et al., 2005].

Many attempts have been made in the past to include the cloud feedback processes
in weather as well as climate models. Figure 1.3 shows the cloud feedback parameter
for all the models tested in 1990 and again in 1996. It is evident that the different
numerical models used or developed in the year 1990 and models used in the year
1996 are not even in the consistence of the sign of the cloud feedback parameter
[Cess et al., 1996]. This can be considered as the one of the evidence for the
uncertainty in the representation of clouds in current models and they need
improvement continuously. Apart from their importance in earth’s climate, role of

clouds in precipitation is very important in day-to-day weather forecasts.
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Figure 1.3: The cloud feedback parameter (see text for explanation) as produced by a
number of GCMs in 1990 (top panel) and 1996 (bottom panel). [Figure courtesy: Cess
etal., (1996). The x-axis represents the acronym of various climate models.
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The correct representation of clouds and their associated processes and feedback in
the General Circulation Models (GCMs) are the need of the hour [Stephens, 2005;
Randall et al., 2007]. Due to these reasons, the cloud studies are of paramount
importance to the meteorological community. Understanding of the latent heat
released by clouds in the atmosphere and cloud radiative heating are the central
objectives to any study which deals with atmospheric circulation and clouds. Most of
these studies emphasized the importance of cloud vertical structure on general
circulations, including their top and bottom altitude variations with respect to
various geographical locations. Apart from these, multi-layered cloud distributions
which are significantly alter the vertical and horizontal distribution of latent heat

and radiative heat fluxes [Webster and Stephens, 1984].

Studies focusing on the spatial and vertical distribution of clouds over Indian region
and its surrounding oceanic areas are rather limited, especially the vertical
distribution [e.g., Gambheer and Bhat, 2000; Roca and Ramanathan, 2000; Roca et al.,
2002; Zuidema, 2003; Sathiyamoorthy et al., 2004; Meenu et al., 2010, 2011; Nair et
al, 2011; Rajeevan et al., 2012]. The unanimous view of many of the atmospheric
researchers is that the identification and distribution of multi-layered clouds is
important from climate standpoint and any attempt to quantify the global warming
should include the radiative impacts of clouds, which is severely hampered by
ignoring the multi layered cloud parameters in models [Gupta et al., 1992; Wielicki et
al., 1995; Wang et al. 2000; Chen et al. 2000a, 200b]. To determine the importance of
cloud feedback mechanism, one has to quantify the distribution of cloud vertical
structure to diagnose the processes involved. Changes in cloud vertical structure
depends on the locations of cloud top and base, number of cloud layers and
thickness, which affects the circulation pattern in atmospheric GCMs by modifying
the distribution of atmospheric latent heating rates [Wang and Rossow, 1998]. Thus
it is important to have quantitative measurements of the geographic distribution and
variations of cloud vertical layers to accurately predict the climate change.
Numerous studies have reported the effects of clouds on the general circulation in
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the past [Slingo and Slingo, 1988; Randall et al. 1989; Wang and Rossow, 1998].
Randall et al. [1989] studied the effect of vertical structure of clouds on the general
circulation by using numerical models and found that the general circulation
strength is sensitive to the distribution of cloud vertical structure. Further,
importantly it modifies the radiative heating of the atmosphere. Wang and Rossow
[1998] carried out a series of trails using NASA Goddard Institute for Space Studies
GCM to study the effects of vertical distribution of clouds on atmospheric
circulations. They also found that the effect of cloud vertical structure in GCMs. One
of the important findings of the above study was that the strength of the circulation
is sensitive to the gradients in the cloud vertical distribution rather than horizontal
distribution. All these studies pointed out that the cloud vertical structure is the one
of the key elements in understanding the cloud feedback mechanism [Rossow et al.,
2005]. So, it becomes inevitable to establish the vertical distribution of clouds and to
study their role in modifying the atmospheric circulation for better understanding of

cloud feedback mechanisms.

Apart from the total cloud amount and its vertical distribution, one more important
aspect of clouds is the cloud type. It is known that depending upon the cloud type,
the radiative properties, the latent heat released and microphysical properties of
clouds largely differ. Chen et al, [2000a] investigated the radiative flux changes
induced by the occurrence of different cloud types using ISCCP cloud data and a
radiative transfer model. These authors emphatically showed that the cloud-type
variations are as important as cloud cover in modifying the radiation field of the
earth-atmosphere system and further showed that the largest annual mean changes
of the global top-of-atmosphere and surface shortwave radiative fluxes are produced
by stratocumulus, altostratus, and cirrostratus clouds whereas cirrus, cirrostratus,
and deep convective clouds cause most of the annual mean changes in the global top-
of atmosphere long-wave radiative fluxes. Thus it becomes clear that apart from the
three-dimensional distribution of cloud cover, it is important to have cloud type
distribution to quantify the feedback provided by the clouds in totality.
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1.7.1 Field experiments/campaigns to investigate the cloud characteristics

With the fast developments in the information technology and electronics, the
remote sensing, data processing, display and transmission of weather data reaching
a new facet and increasing computational power in weather numerical modelling
studies have been contributed greatly to the present understating of cloud dynamics
and its evolution during its life time. There have been several field campaigns
conducted around the globe to investigate the detailed structure and dynamics of
precipitating cloud systems. Most of the experiments are conducted on cloud
systems to keep the records of data collected by those campaigns during 1940s-
1990s and for better documentation for generations. Understanding the cloud
characteristics and its interactions with the background dynamics had been took
place in 1990s-2000s and made significant contributions to the present understating
of cloud systems. Data derived from those field experiments and campaigns can be
used to fine tune cloud resolving models. From the year 2000 onwards, studies on
the parameterization of cloud systems and their interactions with the environment
have been given priority. Table 1.3 gives the various field campaigns and
experiments that took place in connection with investigation of cloud systems across
the globe. Figure 1.5 shows the geographical locations along with the campaigns
carried out to explore the cloud systems and associated dynamics over various part

of the globe.

Table 1.3 Field campaigns and experiments in connection with cloud systems over the
globe

S.No | Name of Experiment | Duration Goal/Focus/Objectives

1 TRIP- The | Summer of 1946- | Large-scale investigations
Thunderstorm 1947 of thunderstorms
Research International
Program

2 [IOE-International 1960-1965 To study Monsoon
Indian Ocean
Expedition

3 ISMEX- Indian Summer | Summer -1973 To study Indian summer
Monsoon Experiment monsoon
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4 GATE - Global | 15 June - 23 Sept., | To understand the tropical
Atmospheric Research | 1974 atmosphere and its role in
Program (GARP) driving the global
Atlantic Tropical circulation
Experiment

5 MONSOON-77 1977 To study the monsoon

onset, depression, etc.

6 W-MONEX-Winter 1978/1979 A campaign under GARP
Monsoon Experiment to study the winter

monsoon

7 MONEX- Monsoon | Summer 1979 To study the Indian
Experiment summer Monsoon

8 CCOPE-  Cooperative | 22 May-7Aug, 1981 | Program on convective
Convective clouds and storms to
Precipitation elucidate how the
Experiment microphysical processes

and the air motions
interact in the formation
and  development  of
precipitation

9 JAWS- Joint Airport | 15May-13 Aug, | To study the convective
Weather Study 1982 microbursts

10 EMEX-The Equatorial | Jan - Feb 1987 To investigate the
Mesoscale EXperiment mesoscale convective

systems in the monsoon
flow

11 CINDE-The Convection | 22 June-7 Aug,1987 | To study the processes
Initiation and leading the formation of
Downbursts deep convection and the

physics of downburst

12 AMEX-The Australian | Oct-1986 Aimed at better
Monsoon EXperiment | Jan-Feb 1987 documentation of large-

scale weather patterns
over Australia that are
associated with monsoon
flow

13 TAMEX-The Taiwan |1 May- 29 June, | To study the mesoscale
Area Mesoscale | 1987 circulation associated with
EXperiment the Mei-Yu front and to

study the evolution of
MCSs

14 DUNDEE- The Down | Nov,1988-Feb 1989 | To study the dynamical
Under Doppler and and electrical properties
Electrical Experiment of MCSs
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15 CaPE- The Convection | 8 July- 18 Aug, | To study the development
and Precipitation | 1991 of mesoscale convective
/Electrification systems with numerical
Experiment forecast of winds

16 TOGA-COARE - | Nov- Feb 1993 To understand the
Tropical Ocean Global principal atmospheric
Atmosphere-The processes that organize
Coupled Ocean convection in the warm
Atmosphere Response pool region
Experiment

17 MCTEX-The Monsoon | Nov-Dec To investigate the life
Continent 1995 cycle of island- initiated
Thunderstorm MCSs within the Maritime
EXperiment continent

18 INDOEX-The Indian | 18 Feb-31 March, | To study the role of ITCZ
Ocean Experiment 1998 in the transport of species

and their resulting
radiative forcing

19 JASMINE - Joint Air-Sea | 1999 To study the convection
Monsoon Coast of during pre to onset of
India Experiment monsoon over Indian

Ocean

20 BOBMEX- Bay of | 1999 To study the Indian
Bengal Monsoon Monsoon
Experiment

21 STEPS-The Severe | May-July 2000 For better understanding
Thunderstorm the interactions between
Electrification and kinematics, precipitation,
Precipitation Study electrification in severe

thunderstorms

22 ARMEX - Arabian Sea | 2002-2005 To study the monsoon
Monsoon Experiment over the Arabian Sea and

west coast of India

23 BAMEX- The Bow Echo | 20 May-6 July, | To examine the life cycle
and MCV Experiment 2003 of MCSs

24 AMMA- African | EOP 2005-2007 To improve knowledge
Monsoon and understanding of the
Multidisciplinary West African monsoon
Analysis

25 RAINEX-Hurricane 15 Aug-30 Sept, | To document hurricane
Rainband and Intensity | 2005 rainbands and inner-core
change Experiment structures to gain insight

into how they interact and,
ultimately, affect
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hurricane intensity
changes
26 TWP-ICE- Tropical | Jan-Feb, 2006 To study the tropical
Warm Pool- warm pool region
International Cloud
Experiment
27 MISMO- The Mirai | Oct-Dec, 2006 To study the onset
Ocean Cruise for the mechanism of convection
Study of the Madden in the MJO
Julian Oscillation-
convection Onset
28 CTCZ- Continental | 2008-2012 To study the continental
Trough Convergence convective cloud systems
Zone over India
29 MC3E- Midlatitude | April-May 2011 To provide the most
Continental complete characterization
Convection Clouds dataset for convective
Experiment cloud systems,
precipitation, and their
environment
30 DC3- Deep Convective | 1 May-30 June, | To investigate the
Clouds & Chemistry | 2012 importance of  deep
Experiment convective clouds
including their dynamics,
physical and lightning
process on upper
tropospheric composition
31 DYNAMO-Dynamics of |1  October- 31 | To understand the M]JO
the MJO March, 2012 initiation processes and to
improve simulation and
characterize the
ensembles of convection
associated with each stage
of MJO

1.8 Studies on the distribution of clouds over Indian Summer Monsoon region

Owing to its socio-economic impacts, the ISM is one of the most investigated topics

in the realms of meteorology. Many studies on the ISM by several researchers across

the globe contributed constructively to the current understanding of this enigmatic

large-scale system [Webster et al., 1998]. The distribution of clouds and the fraction
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of occurrence on regional as well as global scale are made possible with the launch of
geostationary meteorological satellites since 1979. There have been numerous
studies on the fraction of cloud, distribution of clouds and its diurnal variation over
the ISM region [e.g., Gambheer and Bhat, 2001; Sathiyamoorthy et al., 2004; Roca et
al., 2005; Meenu et al.,, 2010; Rajeevan et al., 2012; Nair et al., 2011]. Further, by
using the passive bands of visible and IR channels onboard geostationary platforms,
the observed clouds are classified into low-, mid- and high-level cloud based on
cloud top brightness temperature by using different threshold conditions
[Nakazawa, 1988; Roca et al., 2002; Zuidema, 2003; Rajeev et al., 2008; Devasthale
and Grassal, 2009; Meenu et al., 2010; Sathiyamoorthy et al., 2013; Ahn et al., 2015].
The Spatial and vertical distribution of clouds over the Indian region are also
studied by using space based active sensors such as TRMM and CloudSat [Yuan and
Houze, 2011; Nair et al., 2011; Rajeevan et al., 2012; Li et al., 2014; Peng et al., 2014;
Zhang et al., 2014; Yan et al.,, 2016]. TRMM has filled many gaps in the understanding
of the tropical precipitating clouds and their variations, including the vertical
structure of tropical deep convective systems. On the other hand the CloudSat
provided the three-dimension structure of non-precipitating clouds [Iguchi et al.,
2000; Simpson et al., 1988; Stephens et al., 2002; Hence and Houze, 2011, 2012;
Pokhrel and Sikka, 2013; Kumar et al., 2014; Yang et al., 2015]. Figure 1.5 shows the
phenomenological description of cloud studies over the Indian region using various
space based observations of clouds. Gambheer and Bhat (2000; 2001) examined the
distribution of deep convective system over the Indian region using INSAT data and
found the bimonthly modulation in the in the areal extent of convective systems over
the Indian region and also reported the mean speed of deep convective system,
which is around 7 to 9 m/s. Further, Zuidema (2003) examined the life cycle of
convective clouds over the Bay of Bengal using 3-hourlyinfrared satellite data. It was
found that the time of maximum occurrence of convective cloud is around early
morning over the bay and the cloud systems dissipates after the sunrise. Another
important aspect of convective clouds over the Bay of Bengal is that they propagate
in the southwest direction. Meenu et al. (2010) studied the long-term regional
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distribution of clouds over the Indian region using Advanced Very High Resolution
Radiometer (AVHRR) data. It was found that the deepest clouds are formed over the
northern BoB during the summer monsoon months. Roca et al. (2002) studied the
deep convective cloudiness and their relation with the upper tropospheric humidity
over the Indian region by using multi-satellite observations. The influence of the
Tropical Easterly Jet (TE]) on spreading the cloud tops over the Indian monsoon
region was studied by Sathiyamoorthy et al. (2004). It was observed that the upper
level wind shear sweeps the cloud tops and a significant correlation is found
between the strength of TE] and high cloud amount. Nair et al. (2011) studied the
vertical distribution of clouds using CloudSat observations over the Indian region
and found that the presence of ‘pool of inhibited cloudiness’ over the Sri Lanka
during ISM season. The mean vertical distribution of clouds during active and break
spells associated with ISM region was examined by Rajeevan et al. (2012) using
CloudSat observations. Further they studied the intra-seasonal variability of vertical
structure of clouds over the Indian region. The spatial and temporal distribution of
deep convective clouds was analysed by Peng et al. (2014) using CloudSat and
CALIPSO observations. It was found that the highest vertical extent of deep
convective clouds are occurred over the Asian monsoon region and their vertical
structure in mesoscale convective systems were analysed by Yuan et al., (2011).
While the interaction between the dynamics and cloud microphysics over the

Western Ghats during summer monsoon was studied by Kumar et al. (2014).

Generally, it is believed that the continental-scale land-sea thermal contrast is the
origin of large-scale Monsoon circulation [Wallace and Hobbs, 1977]. However once
the monsoon is set, its advancement, maintenance and withdrawal depends not only
on the large-scale dynamics but also on the internal dynamics initiated by the cloud
systems embedded within the monsoon system. Even though there are studies on
cloud distribution over the ISM region, there are no studies focusing on cloud type
distribution. Sufficient knowledge of the spatial distribution of individual cloud types
would aid the accurate radiation and latent heat calculations, which in turn will help
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Global distribution of clouds using geostationary satellites have been
immensely contributed to the present understanding of distribution of clouds

and their properties
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Figure 1.5: Phenomenological description of cloud studies over the Indian region.
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in accessing the role of clouds in maintaining and advancement of the ISM. So it

becomes important to know, which types of clouds occur over which region.

1.9 Motivation and Scope of the present thesis

The above discussion emphasizes the importance of cloud vertical structure as well
as cloud types for climate related studies. Till now, cloud types and associated
dynamics during monsoon season are not yet understood fully. The seasonal, spatial
and climatological distributions of individual cloud types are very important to
understand the cloud physical processes and their effects on climate system. Despite
the considerable improvement of the physical realism of cloud and type of cloud
representation in GCMs and their feedbacks are still the weakest component of
current GCM [e.g., Senior and Mitchell, 1993; Cess et al., 1996]. Sufficient knowledge
of the distribution of individual cloud types would therefore aid the radiation
calculations of future climate prediction models and also helps to evaluate the
schemes for generating clouds in GCMs. The major gaps areas are in the knowledge
of the vertical distribution of various cloud types and the distribution of multi-
layered clouds and associated dynamics. In this regard, the present doctorial work
focuses on the three dimensional distribution of cloud types and multi-layered
clouds and examines their formation mechanism in terms of background dynamics

over the study region.

The main objectives of the present thesis are:
1. To investigate the role of dynamics in three dimensional distribution of cloud
types during the Indian summer monsoon
2. To construct the composite distribution of cloud types in Tropical Cyclones
formed in the North Indian Ocean surrounding the Indian region.
3. To examine the role of large scale dynamics in formation of multi-layered

clouds and their distribution.
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4. To study the spatial distribution of vertical structure of latent heating in
precipitating clouds and their association with various cloud types during the

Indian summer monsoon.

Chapter 2 describes the data used for the present study along with their limitations,
quality checks of each data set, methodology used for the analysis and the possible
errors associated with each data set. The principal data used for the present study is
the CloudSat observations. Chapter 3 presents three dimensional distributions of
various types of cloud over ISM region and provides the preferential regions of
occurrence of each type of cloud over the study region for the first time. The
prevailing dynamics responsible for the preferential formations of cloud types are
also discussed in this chapter. The composite distribution of cloud types in tropical
cyclones is presented in Chapter 4. This chapter discusses what type of clouds
present in which part of tropical cyclones that are formed over the North Indian
Ocean surrounding the Indian subcontinent. Chapter 5 discusses the distribution of
vertically resolved multi-layered clouds and the role of large scale dynamics in
controlling the formation of multi-layered cloud for the first time. The cloud base
and top altitudes for multi-layered clouds are also discussed. The results on spatial
and temporal variability of vertical structure of latent heating during ISM region are
presented in Chapter 6. The vertical structures of LH of individual cloud types such
as Sc and Deep convective clouds are investigated. It is envisaged that the results
from the present study will advance our understanding of the vertical and horizontal
distribution of cloud types over ISM and associated dynamics, which in turn will help
to improve the representation of cloud types in numerical models. Finally, Chapter 7
provides the summary and major conclusions from the present thesis work and the

scope for future investigations in the light of present results.
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Chapter 2

Instruments and Data

“Errors using inadequate

data are much less than

those using no data at all”
-Charles Babbage, circa 1850

Present thesis focuses on the three dimensional distribution of cloud types and
associated dynamics over the ISM region. The principal dataset used in the
present study is that of the CloudSat having 94 GHZ cloud radar onboard.
Cloudsat is part of a constellation of satellites known as A-train. Apart from
Cloudsat, the observations from CALIPSO and TRMM are also used in the thesis.
For the background winds, the reanalysis datasets are used. The following
subsections provide the details of each instrument and dataset used in the

thesis.

2.1 A-Train Constellation

The A-train is a constellation of satellites, which is known by other names such as
P.M. constellation and A.M. constellation. The P.M. constellation refers for post
meridiem with respect to the mean local time of the ascending orbit of satellite
occurring after the noon meridian, which is contrasted with A. M. constellation.
The A.M. constellation stands for the Afternoon Meridiem constellation and most
often called by “The A-Train”. The A-Train has a group of six satellites from three
countries and all moving nearly in the same orbit to provide the unprecedented
observations of the earth science measurements. It starts with Orbiting Carbon
Observatory (0OCO), Aqua, CloudSat, Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), Polarization and Anisotropy of Reflectances for
Atmospheric Science coupled with Observations from a Lidar (PARASOL) and
Aura satellites. All these satellites are lined up on orbit, one after another and

‘Aqua’ is considered the A-Train anchor. The A-Train constellation begun with
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Aqua launch in May 2002 followed by Aura in July 2004, PARASOL in December
2004 and the Joint CALIPSO/CloudSat launch in April 2006. OCO and Glory failed
due to launch vehicle fairing problems in 2010 and 2011 respectively. Later,
0CO-2 and GCOM launched in July 2014 respectively. The main purpose of the A-
Train constellation is to measure near simultaneous observations of the earth.
Figure 2.1 shows the A-Train constellation. The equator crossing time of each
satellite is listed in the figure 2.1. Aura starts to crosses the equator at ~1:15
local time (LT), CloudSat at ~ 1:31 LT. After 15 seconds, CALIPSO crosses the
equator at ~ 1:31:15 LT and provide the near simultaneous observations clouds.
While PARASOL crosses at ~ 1:33 LT and the tail ender Aqua crosses the equator
at ~ 1:38 LT. This A-Train formation enables the CloudSat to track CALIPSO in a
very precise way. Overall string of all satellites stretches across the 3000
kilometres with a speed of 7 km per seconds. CloudSat orbits approximately 460
km behind Aqua and much closer in front of CALIPSO-only around 93.8 km away,
which corresponds to 12.5 seconds average delay between radar and lidar

measurements [e.g., Stephens et al., 2002; 2008].

The A-Train

CALIPSO CloudSat
1:31:15 1:31

PARASOL

Figure 2.1: CloudSat placed in the A-Train constellation (Courtesy from CloudSat
web page: http://www.cloudsat.cira.colostate.edu/dataHome.php).

2.2 CloudSat-Cloud Profiling Radar (CPR)

CloudSat is part of A-Train constellations that was launched in 2006 along with

CALIPSO satellite to study the clouds in detail to better characterize the role they
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play in regulating the earth’s climate. With the launch of CPR on-board CloudSat
and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on-board
CALIPSO in late April 2006, unprecedented information on vertical distribution
of hydrometeors are available for the atmospheric research community. CloudSat
and CALIPSO observations have been extensively used in the recent past to study
the cloud vertical structure. The major science objectives for CloudSat are to
better understand the vertical structure and the micro physical properties of
clouds such as 1) the measurements of the vertical structure of clouds, which are
fundamentally important for improving our understanding of how clouds affect
both local- and large-scale environments 2) the vertical structure of cloud liquid
water content and ice water content and 3) the vertical structure of cloud optical

properties.

’ U‘" .

Figure 2.2: Artist view of Cloud Profiling Radar (CPR) in flight mode (image
credit: NASA/JPL).

2.3 Design of CPR instrument

Figure 2.2 depicts the graphical representation of CloudSat satellite. The primary
goal of the CPR is to achieve a minimum detectable reflectivity of -28 dBZ at the
end of the mission and it is required, since the scattering from cloud particles are
very weak [Im et al., 2005]. For maximizing the cloud detection sensitivity, the

CPR design consists of following subsystems: Radio Frequency Electronics
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Subsystem (RFES), High Power Amplifiers (HPA), Antenna Subsystems and
Digital Subsystems (DSS). The RFES consist of an up-converter which can
generates a pulsed signal for 94 GHz and the signal is amplified to around 200
mW by a state-of-the-art MMIC power amplifier. The received signal of REFS
down-converts into Intermediate Frequency (IF) and IF signal is detected using a
high dynamic range of logarithmic amplifier. Figure 2.3 shows the simplified

version of block diagram of CPR [Im et al., 2005; 2006; 2007].

Extended |

Upconverter —*| Interaction Quasi-Opfical

Klystron 1y Transmigﬁiﬂn

_I | Line |
High Voltage Reflector
Digital Pwr Supply Antenna Subsystem

Subsystem J.
E Receiver
Pwr Distrib. Unit

Figure 2.3: Simplified version of CPR block diagram (Adapted from Im et al,
2005).

The HPA amplifies the transmitted radar pulse to a nominal power range of 1.7
kW. The HPA consists of Extended Interaction Klystron (EIK) and a high-voltage
power supply. The HPA provides a 20 kV power needed to operate the EIK and
further provides telemetry data to subsystems. The 94-GHz EIK and the 20-kV
HVPS on-board CloudSat are the first of their kinds being flown in space. The CPR
antenna diameter is 1.85 meter reflector of composite graphite material to
reduce the mass (Fig 2.4). The gain of the antenna is greater than 63.1 dBi and
the half-beam width is < 12 degree. The side lobes of CPR antenna is < ~ -50 dB
for angles > 7 degrees from boresight. Figure 2.5 shows the assembly of CPR
subsystems of HPA and antenna. The quasi-optical transmission line (QOTL)
replaces the conventional waveguide and circulator for sending power from the
HPA to the reflector and sending received power to the receiver subsystem. The

advantage of the QOTL over conventional waveguide and circulator is reduced
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Figure 2.4: CPR Antenna Subsystem flight model (Adapted from Im et al., 2005).
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Figure 2.5: The CPR assembly with a schematic of the antenna and HPA

subsystems (Image credit: NASA)
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reduced loss, important for meeting sensitivity requirements. The DSS provides
the command, control, and telemetry interface to the S/C. It includes a Control
and Timing Unit and a data handling unit that accepts the analog signal from the
RFES logarithmic detector. It digitizes it and performs the required sample
averaging of 0.16 s. The received power of many samples of CPR is averaged and
the estimated noise is subtracted to detect the low reflectivity of clouds. The
number of samples can be increased by increasing the PRF (Pule Repetition
Frequency) of CPR but the maximum PRF is dependant by the unambiguous
range. The CPR is permitting to detect the surface return and cloud return up to
an altitude of 25 km and the nominal range window size is set to 30 km. The
system noise is estimated using the clear air radar returns from 25 km to 30 km

attitude [Im et al., 2006; 2007].

The CPR on board CloudSat operates at 94 GHz with cross- and along-track
resolution of 1.4 km and 1.7 km respectively [Im et al, 2005]. The vertical
resolution of CPR is 480 meters, but the backscatter signal is oversampled to 240
meter resolution. The minimum detectable reflectivity of hydrometeors is ~ -28
dBZ and it was found to be -30 to -31 dBZ from the CloudSat initial results
[Haynes and Stephens, 2007]. CloudSat makes about 14 orbits per day with two
times equator crossing at 0130 and 1330 LT. The CloudSat orbital path repeats
around every 16 days to revisit the same geographic location at same local time.
The horizontal separation distance between the each ascending (descending)
orbit of CloudSat is around 180 km. CloudSat is a Sun-Synchronous orbit (705 km
equatorial altitude) with 98.2 degree inclination. Unlike the other traditional
satellites such as TRMM, which have a large field of view and observe the most
part of the globe, CloudSat smear the earth’s atmosphere by cross- and along-
track resolution of 1.4 km and 1.7 km respectively and provides exactly 233
diamonds in the longitudes over the globe. Figure 2.6 shows the schematic
picture of CPR operation onboard CloudSat. CPR sends 3.3 ps pulses with a PRF
of 4300 Hz. The radar pulses cover 1.3 km x 1.3 km instantaneous footprint on
the ground, but the effective footprint is around 1.3 km x 1.7 km. Each individual

profiles are sampled to 1.1 km apart by averaging 688 pulses within a integration
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time of 0.16 seconds. The radar vertical bin resolution is 480 m and is
oversampled to 240 m. All CloudSat derived products are generated for the

lowest 30 km height range.

\ 232 us gap
\ 70

93]

1.3km

v
‘1' 7777
1.3km —

Figure 2.6: Schematic representation of operation of CPR in flight.

Figure 2.7 depicts the CloudSat orbits over the Indian region during 16 day cycle.
Red colour line indicates the CloudSat ascending nodes and descending nodes are
represented by the blue colour line. Since CPR transmits the signal in the upper
part of microwave region, where the radar signal is not significantly attenuated
by clouds, enables it to detect the 80% of water cloud and 90% of all ice clouds.
CloudSat will allow us to study the interior structure of non-precipitating clouds
to light drizzle clouds. Figure 2.8 shows an example of radar reflectivity from a
segment of CloudSat orbit. It shows the vertical structure of deep convective

cloud, whose cloud top extends above 12 km and further shows the convective
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outflows as cirrus anvils. Table 2.1 provides the important specifications of CPR
system. With ~240 m vertical resolution, this radar can probe optically thick
large- hydrometeor layers. However, CloudSat is not sensitive to optically thin
clouds. On the other hand, the Lidar on board CALIPSO owing to its shorter
operating wavelength (532 nm) has ability to sense optically thin layers and
tenuous cloud tops with vertical resolution as high as 30 m. More details of
CloudSat and CALIPSO can be found in Stephens et al., (2008) and Winker et al.,
(2007) respectively. The synergy between these two instruments can nearly
provide a complete picture of cloud distribution across the globe. Mace et al,,
(2009) suggest that greater than 90% of cloud layers are correctly identified as
cloud, by making use of the combination of the CloudSat and CALIPSO
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Figure 2.7: CloudSat passages over the Indian region.

The CloudSat CPR is experienced a severe battery anomaly in late 2011. In April
2011, CPR is encountered a battery problem and caused the satellite to depart
from the A-Train for one year. CloudSat CPR is successfully resumed for science
operation in 27t October 2011 and it re-joined the A-Train in 15t May 2012.

After battery rectification, CloudSat operates in Daylight Only Operations (DO-
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OP). DOOP mode would require the CPR to cycle into a standby mode sequence
when overpassing the Earth while in eclipse (non-daylight portions of the orbit).
CloudSat and CALIPSO were maintained in a close orbital management so that
they both effectively imaged similar volumes of the cloud systems within 15
seconds of one another to enable the amalgamation of their respective

observations.
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Figure 2.8: Vertical structure of deep convective cloud as observed by CloudSat
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Table 2.1 CloudSat specifications

S.No. Parameter Value

1 Nominal Frequency 94 GHz

2 Pulse Width 3.3 us

3 PRF 4300 Hz

4 Minimum detectable -30 dBZ
signal

5 Data window Up to 25 km

6 Antenna size 1.85 meter

7 Dynamic Range 70 dB

8 Integration time 0.16 seconds

9 Nadir angle 0.16 degree

10 Vertical resolution 480 m (oversampled to 240 m)

11 Cross-track resolution 1.4 km

12 Along -track resolution 1.7 km
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2.4 Scattering of microwave radiation

The main operating principle of CPR is scattering of microwave radiation by
molecules and cloud particles. When an electromagnetic radiation interacts with
the particles, the part of the energy is absorbed, scattered and re-emitted. For a
monochromatic radiation attenuation for absorption and scattering is

represented by the equation

dl, =—1,0,ds

Where |, is monochromatic radiance at wavelength A
o, is the volume extinction coefficient due to scattering and absorption in m-!

ds is a path length through the medium (air).

By integrating above equation from height ho to h, we get

I, =1 eXp(le/l (h")dh’)

Above equation cane be formulated as

Where T is the transmission of radiation that passes through the slab of the

atmosphere
h
T =exp([ o, (h)dh)
hO

The complex refractive index of spherical particle of homogeneous composition
is m=n * ik. The scattering efficiency of ideal spherical particles can be expressed

as a function of size parameter x:
27r
X=—

A

Where r is the radius of the particle, and A is the wavelength of the incoming

monochromatic plane wave.

Figure 2.9 shows the scattering efficiency of a spherical particle as a function of

size parameter for various indices of refraction. From this figure, it is evident that
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for smaller values of x (for x <1), the scattering efficiency is very low and is
inversely proportional to the fourth power of wavelength and is called as
Rayleigh scattering regime. For 0.1<x <50, the scattering efficiency exhibits an
oscillatory behaviour and is referred to as Mie scattering regime. While for the
values of x>50, the scattering efficiency approaches to 2 and is called as
geometric optics regime. The parameter X can give us an idea of how strongly
CPR radiation interacts and scattered from various particles of the atmosphere.
The CPR operating wavelength (3.2 mm) is weakly scattered by molecules and
aerosols in the Rayleigh regime with more strong scattering from the particles
whose diameter is larger than 50 micrometre such as cloud droplet, rain drops,

hail and large ice particles (Figure 2.10).

2.5 Cloud Radar measuring principle and sampling characteristics

The CPR on-board CloudSat is similar to ground based cloud radar but provides
the rich information about spatial distribution of vertical structure of cloud
systems. The CPR measures the backscattered power, that is radiated by the
clouds as a function of distance from the spacecraft i.e., CloudSat. The received

backscattered signal from the CloudSat CPR is found from the radar equation
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Figure 2.9: Scattering efficiency as a function of the size parameter x for four
different indices of refraction with m=0, 0.01, 0.1 and 1[Adapted from Wallace
and Hobbs (2006)].
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Figure 2.10: Size parameter x as a function of wavelength of the incident
radiation and particle radius r [Adapted from Wallace and Hobbs (2006)].
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Where P: is the received power at the antenna

A is the range resolution,
(1 is the integral of the normalized two-way antenna pattern

1 is the backscatter cross section per unit volume (reflectivity)

_P.Cur?
R

Where C=4m3/ [A2.G2.A] is the radar constant

411018
2 |K[

Where Z is the reflectivity in mmé.m-3
K is the dielectric constant ~0.75 for 94 GHz

Z is converted to dBZ by taking 10 times the base 10 logarithm

54



Chapter 2 Instruments and Data

The CloudSat radar samples at 625 kHz. At this frequency, the burst rate is 0.16
sec/bursts and the CloudSat PRF is 4300 Hz. From this we can compute the
number of pulses per burst is 4300 pulses/sec x 0.16 sec/burst=688
pulses/bursts. The pulses are averaged to produce a single reflectivity value for
each profile. The CloudSat antenna produces an instantaneous footprint of
approximately 1.3 km (at mean se level). The velocity along track is ~ 7km/sec.
Using this velocity and the sample rate of 0.16 sec/profile, one can compute
approximately the time taken for generating a CPR profile at every 1.1 km along
track. Each profile has 125 vertical bins. Each bin is 240 m thick. The CloudSat
data Granule is defined as one orbit. The time stamp that is assigned to the
granule is the time that corresponds to the centre of profile. Data window is 30

km height by 37,088 profiles wide and there are ~ 36,383 profiles per granule.

2.6 CloudSat Significant Echo Mask (SEM) algorithm

The CPR records range resolved profiles of backscattered power form
hydrometeors. These measurements as enclosed in the level 1B input data
denotes a 0.16 seconds average returned power that correspond nominally to a
horizontal resolution of 1.7 km along track by 1.3 across track. The range
resolution is 0.48 km and it is oversampled to generate a range gate spacing of
0.24 km. The main purpose of the Significant Echo Mack (SEM) algorithm is to
identify the hydrometeors echo, who’s returned power is significantly different
from noise and to establish the probability that such echoes contains the
hydrometeor information only in the GeoProf algorithm. The goal of SEM
algorithm is to increase the identification of hydrometer echoes while minimizing
the occurrence of false detections in the CloudSat CPR. Since the minimum
reflectivity detection is -28 dBZ and some hydrometeors may have the

backscatter signal below the detection of threshold of the CPR. The level 1B data
contains the power return Prj in each resolution volume, where i defines the

along the track dimension and j is the vertical dimension. The measured

backscattered power is composed of a sum of power return from the atmosphere
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(Pn,ij) and the system noise power (Ppj) assumed to be due primarily to the
mixer noise. Initial criteria for a significant return is

Prjj > Pnjj +(30n)
Where 0y is the standard deviation of Ppjj estimates by examining Py in nearby
regions above the tropopause, where no atmospheric return will be measured in
the reported value Pyj. While there will be very few occurrences where the noise

will be identified as significant echo and hydrometeors returns where the noise

power is less than the 3-singma level as given below.
Ppij < Pnjj +(30n)

The Gaussian probability that the pixel is noise can be expressed as

P —— 1 exp| —2 (P —P T
z Gﬂ\/% 20‘n2 r n,ij

Where P; is the mean signal in the data window and the effective value of P (Peff)

for that volume is taken as

Py = Zlog( R)

In summary, if the received power of CPR is greater than the sum of noise power

and 3o, the echo is considered as a hydrometeor.

2.7 Limitations of CloudSat observations

The main limitations of the CloudSat CPR and CALIPSO are listed below:

1. The CloudSat CPR is primarily insensitive to hydrometeor echoes near to the
surface i.e.,, up to 1 km above the surface due to ground clutter [Marchand et al.,
2008].

2. The horizontal resolution of CPR is ~ 1.7 km along track and 1.3 across track
and its vertical resolution is 0.24 km. It means that the small scale cloud with the
spatial and vertical dimensions are cannot be resolved by CPR.

3. The minimum detectable reflectivity is ~-28 dBZ, which corresponds to non-
precipitating cloud system. For the clouds whose reflectivity below this threshold

cannot detected by CPR.
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2.8 CloudSat Data Structure

The CloudSat data format is the HDF (Hierarchical Data Format version) - EOS
(Earth Observing System) 2. HDF-EOS2 is the extension of HDF4 and it is the
primary format for storage and distribution of scientific and other ancillary data
for user community. The data format is self-explanatory and independent of
binary format in a single file. The objects in HDF-EOS2 file includes multi-
dimensional array and defines the three new data types based on regular
structure of HDF4. [t mainly containing the following three data types 1) Swath, it
is a time series of scan lines along and across the satellite track as shown in
figure 2.11) Grid, it is the geolocated data on rectilinear grid and 3) Point is the
sparsely geolocated data. Further fields in the HDF-EOS2 are separated into
Geolocation Fields and Data filed groups. According HDF-EOVs metadata, the
fields, dimensions and their relation between geolocation and data files are

described.

Figure 2.11: CloudSat-CPR swath.
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2.9 CloudSat Data Products

There are two types of CloudSat data products; Standard data products and
Auxiliary data products. Auxiliary data products are produced from ancillary data
that are mapped in the horizontal to the centre of the CloudSat profile footprint
and vertical to the centre of each CloudSat profile bin. The CloudSat data
products used in the present thesis are (1) 2B-CLDCLASS product for cloud
classification developed by Sassen and Wang, 2008. (2) 2B-GEOPROOF-LIDAR
product for detecting the multi-layered clouds by combing the CALIPSO-lidar
observations developed by Mace et al., 2007.

2.9.1 2B- CLDCLASS Product

Wang and Sassen [2001] developed an algorithm to classify clouds by combining
the measurements of ground-based multiple remote sensors. Sassen and Wang
[2008] described the cloud cluster analysis for classifying clouds by using vertical
and horizontal cloud properties, the presence or absence of precipitation from
both CloudSat and MODIS observations along with temperature profiles from
ECMWEF reanalyses data. The first step in the cloud cluster analysis involves
conversion of the vertical profiles of reflectivity derived from CloudSat
observations into meaningful microphysical quantities and then identification of
the clouds based on cloud mask algorithm is performed. The cloud clustering
analysis provides cloud horizontal and vertical extent features along with cloud
layer structures, which are determined by using CloudSat bins with significant
CPR cloud mask values (230). The cloud cluster algorithm considers only the
significant CPR cloud mask values 30 and above, which is provided by cloud
mask algorithm. Further, classification of the cloud type is done based on
microphysical properties, maximum reflectivity and corresponding temperature
at that level, cloud vertical and horizontal extent and the precipitating properties.
Complete details on the cloud classification algorithm can be found in 2B-
CLDCLASS product description document at
http://www.cloudsat.cira.colostate.edu/dataHome.php. The 2B-CLDCLASS data

product provides the cloud information as a function of latitude, longitude and

altitude with the same resolution that of CPR observations. The main advantage
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of CloudSat is that it provides the vertical structure of hydrometeors over the
foot-print of CPR along its path. However, CPR is not sensitive to optically thin
clouds such as high-altitude thin cirrus clouds. The limitations of 2B-CLDCLASS
product are (1) surface contaminations in the lower 3 to 4 range bins of CPR
vertical reflectivity profiles, which will have implications in classifying St and Sc
clouds and (2) the CPR is not sensitive to high altitude thin clouds, which will
have implications in detecting the Ci clouds [Marchand et al., 2008; Behrangi et
al., 2012; Subrahmanyam and Kumar, 2013]. Both these limitations will result in
fewer detection of St, Sc and Ci clouds than actually present. One should keep
these limitations in view while interpreting the observations. Despite these
limitations, cloud type classification are derived using the CPR reflectivities along
with auxiliary data from ECMWF reanalysis fields along its path, which is very
useful for assessing the role of clouds in energetics and dynamics of the
atmosphere as a function of cloud type. This product is not validated with any
other observational measurements and we have found that there is a preliminary
comparison study using CloudSat Educational Network (CEN)-collected
observations of cloud type during the period from 2007-2008. The comparison of
the observed cloud types and those retrieved using the CloudSat 2B-CLDCLASS
product was carried out. There were 227 coincidental measurements between
CEN schools and CloudSat overpasses within ~ 100 km radius and results have
shown that approximately 66% agreement between the surface observers and
CloudSat observations (Rogers and Vane, 2010). The maximum number of cloud
types provided by this product is eight and they are Cirrus (Ci), Altostratus (As),
Altocumulus (Ac), Stratus (St), Stratocumulus (Sc), Cumulus (Cu), NimboStratus
(Ns) and Deep Convective (DC) clouds (i.e., Cumulonimbus). Out of eight clouds
Ns, St, Sc, Cu, Ac and Dc are categorized as precipitating clouds and remaining
clouds are non-precipitating clouds. Further these clouds are classified into high-,
middle- and low-level clouds. The CloudSat cloud type algorithm follows the
different threshold conditions for various cloud type identification, which are

listed in Table 2.2.
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Table 2.2 CloudSat cloud type algorithm.

Type Zmax Precip Length Highest Other
itation (km) Zmax
frequency
Cirrus <-3dBZ No 2->1000 -25dBZ@
T<-22.59C -400C
Altostratus <10dBZ No 50->1000 -10dBZ@
-200<T<-50C -250C
=-30dBZ@
-45°C
Altocumulus <0dBZ No 2->1000 -25dBZ@ Trop>
-200<T<-50C -100C -350C
=-30dBZ@
-350C
Stratus <-5dBZ Yes/No | 2->1000 -25dBZ@ Altitude
Stratocumulus -150<T<250C 50->1000 100C of
(Bright Zmax<2
band) km AGL
Cumulus <0dBZ Yes/No | 2-25 -25dBZ@ AZ>2km
-50<T<25°C 150C
Deep (cb) >-5dBZ Yes 10-50 10dBZ@ AZ>6km
-200<T<25°C 50C
Ns -10<Z<15dBZ Yes >100 +5dBZ@ AZ>4km
-250<T<10°C 0°C

2.9.2 2B- GEOPROF-LIDAR Product

The 2B-GEOPROF-LIDAR product contains the combined cloud mask information
derived from CPR and CALIPSO, which indicates the confidence level in detection
of clouds, ranging from 0 to 40. A cloud mask of 30-40 indicates the high-
confidence detections and less false detections (i.e., less than 2% for 30 and less
than 0.2 % for values of 40). This algorithm developed by combining the CPR and
lidar observations and to provide the geometrical hydrometeor or vertical
profile. It further identifies the layer base and layer top of hydrometeor in each
vertical profiles of CPR. The CPR is able to penetrate optically thick clouds, where
lidar signals attenuates. On the other hand, the lidar can detect the tenuous
hydrometeor layer which falls below the CPR detection threshold. Thus by
combining the radar and lidar observations can provide complimentary
information about the occurrence of hydrometeor layers and their vertical
structure. This product’s algorithm is designed to extract the maximum

information about the multi-layered cloud structures. Since the two sensors have

60



Chapter 2 Instruments and Data

different spatial and vertical resolutions, GEOPROFF-LIDAR algorithm adopts the
spatial and vertical resolution of CPR. Figure 2.12 depicts the view of CPR
footprints (blue colour) with coincident lidar footprints (red colour). The solid
circle around the lidar and radar footprints represents the 1 and 2 sigma of
standard deviation of pointing measurements. The left panel shows the vertical
slice of CPR. Red colour boxes represent the CALIPSO cloud mask features which
correspond to below 8.2 km. Above 8.2 km; the lidar foot print will be
1x0.333x0.075 km along track, across track and vertical, respectively. This
product provides maximum up to five layers of hydrometeor information from

the combined observations of radar and lidar sensors.

Plan View of Radar-Lidar Footprint

Lidar Footprint
Vertical Cross Section of a Radar Range Gate

2.5 km

0.25 km range gate spacing

2.5 km aleng track

Figure 2.12: Conceptual view of CPR-lidar overlap [Figure courtesy: 2B-
GEOPROOF-LIDAR product document].

More details on CloudSat products can be found in the CloudSat Data Products

Handbook (http://www.cloudsat.cira.colostate.edu). Overall, the geoproof-lidar

algorithm performs fairly well but there some data quality issues, which are
listed below. The most mis-classification is the labelling of aerosol layer as a
cloud layer by CALIPSO profile. Thus a small portion of aerosol layer can be

misidentified as a cloud layer. Apart from that, portions of some base of cirrus
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cloud also mislabelled as aerosol layers and some tropospheric polar cloud are
erroneously labelled as aerosol layers in CALIPSO observations. There are few
issues in In the CPR observation also, which are to be kept in mind while

analysing the data (Mace et al., 2007, Marchand et al., 2008).

As mentioned earlier, the minimum detectable signal of CPR is about -30 dBZ.
Therefore, some fraction of non-precipitating liquid water clouds such as
altocumulus and stratus cloud over the continents cannot be detected by CPR,
which are beyond detection limit of CPR. Another possibility is the reflection
from the ground surface. The first few range bins in the CPR measurements are
contaminated by ground clutter. Below 500 meters, CPR contains no
hydrometeor information and between ~ 500 meter and 1 km, it can identify the
hydrometeor layer with reduced ground clutter. For any research analysis, it is
advised to consider CPR signals above 1km altitude, which is free from the
surface reflections, particularly over the ground. With these limitations this
product provides valuable information on the distribution of multi layered
clouds. Additional information on this product can be found at

http://www.cloudsat.cira.colostate.edu/dataHome.php

2.10 TRMM Spectral Latent Heating (SLH) data

Tropical rainfall Measuring Mission (TRMM) was the first space rain gauge
launched in 1997 sweeping the latitudes between 389S and 38°N and was located
above the Earth’s surface at an altitude of 402.5 km with an inclination of 35
degree to earth’s equatorial plane. There are several payloads onboard TRMM
such are, Precipitation Radar (PR), TRMM Microwave Imager (TMI), Visible and
Infrared Scanner (VIRS), Clouds and Earth’s Radiant Energy Sensor (CERES) and
Lighting Imaging Sensor (LIS). The swath width of TRMM-PR is 215 km and a
horizontal footprint of 4.3 km at nadir. The prime objective of TRMM is to study
the variability in tropical precipitation in both space and time. In fact,
understanding the nature of variability in precipitation has been increased
tremendously with TRMM measurements. Another prime objective of this

mission is to study the vertical structure of latent heating released in the earth’s
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atmosphere. Previous studies estimated the latent heating using satellite based
measurements mainly using passive microwave radiometer observations [e.g,
Adler and Rodgers, 1977]. They estimated the total column latent heating within
the tropical cyclone. Latent Heating (LH) is the energy associated with the phase
changes of water molecule in the atmosphere. Energy is released in the
atmosphere during the process of condensation, freezing and deposition, while it
is absorbed during evaporation, melting and sublimation. The LH release is
dominent during the condensation process, which is ~ 7 times larger as
compared to freezing. The process associated with phase transition of water
molecule cannot be directly detectable with the present remote sensing
instruments. That is the reason why the satellite retrievals are heavily depends

on the cloud resoling models (CRM).

LH estimations used in this study is derived from TRMM based retrievals along
with Goddard Cumulus Ensemble (GCE) - Cloud Resolving Model (CRM)
simulations (e.g., Tao et al., 2006; 2016). TRMM measurements provided the rain
rate estimates over the tropics since 1997 and are the main basis for the
estimation of LH data products. The main basis for the estimating LH is the
relationships between latent heating and the vertical distribution of
hydrometeors, surface rainfall characteristics and the dynamics among the cloud
layers. There are few algorithms such as Convective Stratiform Heating [CSH- Tao
et al, 1993], Goddard Profiling [GPROF-Olson et al, 1999, 2006] heating,
Hydrometeor Heating [HH- Yang and Smith, 1999; Yang et al, 2006],
Precipitation Radar Heating [PRH- Satoh and Noda, 2001] and Spectral Latent
Heating [SLH- Shige et al., 2004, 2007] algorithms for retrieving the latent heating

from TRMM observations. These algorithms are briefly discussed here.

2.10.1 CSH algorithm

The CSH algorithm utilizes the TRMM’s precipitation radar measured surface
precipitation rates, the percentage of its stratiform and convective precipitation,
and the location of the observed cloud system. It mainly uses the pre-estimated
information on the relationship between the rain arte characteristics and latent
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heating generated from CRM look up tables. The CSH algorithm applied on life
time of precipitating cloud systems ranging from 3 hours to 1 month and its
spatial scales ranging from 50 to 500 km. This algorithm has been used
extensively for comparison with various filed campaigns such as GATE, TOGA-

COARE, SCSMEX, TRMM-LBA and KWAJEX programs [Tao et al., 1993].

2.10.2 GPROF Heating algorithm

The Goddard Profiling (GPROF) Heating algorithm developed especially for the
applications of TRMM-TMI passive microwave radiometer radiance
measurements. A large range of hydrometeors and their heating profiles were
generated by GCE-CRM along with passive microwave radiometer radiances
values. Thus a look up table is generated for a range of TMI-radiances for
estimating latent heating. Yang et al. (2004) verified the vertical structure of
latent heating using this algorithm with other independent estimates from
Kwajalein dual-Doppler radar data and SCSMEX rawinsonde analyses and found
that GPROF heating rates were fairly consistent with other estimates [Olson et al.,

1999, 2006].

2.10.3 HH algorithm

Estimation of LH is also possible without prior information of LH look up tables
by treating each layer of the atmosphere independlty. The HH algorithm follows
the same. Firstly, the net flux of water is estimated in or out of the layer under
steady state conditions. Then these fluxes of water are compared with the mean
value over a given location. Primarily, a decrease in flux of water is associated
with evaporation, melting and sublimation, while the increase is associated with
condensation, freezing and deposition. Thus the basis for the HH algorithm is the

hydrometeor mass flux [Yang and Smith, 1999].

2.10.4 PRH algorithm

The PRH algorithm uses rain rate profiles and fraction of convective and

startiform to estimate the vertical structure of LH. Firstly, an initial guess of
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vertical velocity profile is estimated based upon the vertical rain rate structure.
The vertical velocity information used to estimate the LH profile under steady
state condition, similar to HH algorithm. An iterative method is applied to correct
the original vertical motion profile to ensure that vertically integrated net heating

and surface rain rates are consistent [Satoh and Noda, 2001].

2.10.5 SLH algorithm

SLH algorithm, similar to CSH, employes a set of three look up tables for
estimation of LH generated using CRM model data. These are associated with
three types of rainfall characteristics such as convective, stratiform and anvil part
of deep convective system. The look up tables is separated with respect to the
vertical precipitation profiles. Along with the look up tables, the precipitation top
height (PTH) for convective and stratiform part and melting level also used in this
algorithm. The naming ‘spectral’ comes from this spectrally indexed table, and it
is designed so in order to reduce the dependency of tables on the CRM
simulations of specific field campaigns. The main advantage of this algorithm is
the fundamental differences between shallow convective rain and deep
convective rain classification based on the PTH information. Further it also
generates the vertical structure of LH associated with anvil region of decaying

deep convective precipitation [Shige et al., 2004, 2007].

2.10.6 Errors associated with LH data sets

Since all the five algorithms utilizes the CRM generated look up tables and are
subjected to systematic errors associated with model deficiencies. Also CRM look
up tables are generated for given set of environmental conditions based on the
field campaigns. These tables may not completely represent the total spectrum of
real atmospheric conditions. The algorithm such as CSH, GPROF and SLH are
estimated mainly using CRM information and model simulations are considered
only a limited range of atmospheric conditions. Previous modelling studies
suggest that instantaneous LH profiles derived from TRMM are somewhat

ambiguous. It advised to take space-time averages of LH estimates over s specific
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region in order to minimise the random errors associated with estimation of LH
structure. Shige et al. [2004] found that the spatial average of LH estimates

reduces the random errors in SLH data reasonably.

In the present study, 16 years of (1998 to 2013) Spectral Latent Heating (SLH)
data (SLH-L3-V2) are used to investigative the vertical structure of latent heating
and its association with various types of clouds. This dataset has a spatial
resolution of 0.5 x 0.5 degree. It provides the LH information over the region
between 37 degree south to 37 degree north. The units of latent heat conditional
means are K/hour multiplied with 100. Time-mean spatial distribution and
zonally averaged latitudinal height distribution of latent heating is estimated
over the ISM region for the present study. Further, the latent heating associated
with precipitating cloud types are studied over the regions of, Arabian Sea,
Western Ghats, Bay of Bengal and Central India where Sc, Cu and deep convective

clouds are predominantly formed.

2.11 Reanalysis data

Reanalysis is a systematic approach to produce three-dimensional meteorological
fields by using a modern data assimilation scheme to reprocess the past
observations. Reanalyses are blended with data assimilation schemes which
ingest all the available atmospheric observations at every 6-12 hours being
analysed. This rigid scheme provides a dynamically consistent assessment of the
state of the atmosphere at each time step. Reanalysis uses the widest variety of
observations for data assimilation which includes the measurements from a
single station to global coverage of satellite observations. It is performed with a
single data assimilation scheme, which ensures that the reanalysed data fields are
not affected by the up gradation of model, changes in spatial and vertical
resolution or any other modifications introduced in the operational forecasting
system. This robust approach produces detailed description of the state of the
atmosphere consisting of gridded fields of pressure, temperature, winds,
humidity and ozone as well as other forecast parameters such as rainfall, cloud
fraction, etc. Several reanalysis datasets are available to the user community such
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as ECMWF Reanalysis (ERA), NCEP (National Centre for Environmental
Prediction) reanalysis, MERRA (Modern-Era Retrospective analysis for Research
and Applications) and Japanese Reanalysis (JRA55). All of these datasets,
generally, yield consistent results. In the present thesis, ERA-Interim reanalysis
used to study the background atmospheric conditions. ERA-Interim is one of the
recent reanalysis datasets on global scales produced by European Centre for
Medium-Range Weather Forecasts (ECMWF). It provides the reanalysed
atmospheric fields on temporal and spatial scales starting from the 1 January
1979 onwards [Dee et al., 2011]. It assimilates the atmospheric fields with 12
hourly cycles in a forward mode. In each cycle, all the available observations from
satellite and ground based measurements are merged with prior information
from model to predict the state of the atmosphere on global scales. Then these
are used to initialise the model for next run [Dee et al., 2011]. The gridded ERA-
Interim data set provides the 3-hourly temporal resolution for various surface
parameters and 6-hourly interval for three dimensional atmospheric fields
covering from troposphere to stratosphere [Dee et al., 2011]. The ERA-Interim
reanalysis data during 2006-2013 are used to study the background dynamics in

the present thesis.
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Chapter 3

The role of dynamics in three
dimensional distribution of cloud
types during the Indian summer

monsoon

"I am the daughter of Earth and Water,

And the nursling of the Sky;

[ pass through the pores of the ocean and shores;

[ change, but I cannot die.

For after the rain when with never a stain,

And out of the caverns of rain,

Like a child from the womb, like a ghost from the tomb,
[ arise and unbuild it again."

- P. B. Shelley

3.1 Introduction

Owing to its socioeconomic impacts, the ISM is one of the most investigated topics in
the realms of meteorology. Many studies on the ISM by several researchers across
the globe contributed constructively to the present understanding of this enigmatic
large-scale system [Webster et al., 1998; Gadgil, 2003]. Generally, it is believed that
the continental-scale land-sea thermal contrast is the origin of largescale monsoon
circulation [Wallace and Hobbs, 1977]. However, once the monsoon is set, its
advancement, maintenance and withdrawal depends not only on the largescale
dynamics but also on the internal dynamics initiated by the cloud systems
embedded within the monsoon system. These cloud systems over the ISM region
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modify the thermal structure and moisture budget of the troposphere by releasing
latent heat, modifying the radiative heat, and through precipitation. Thus the clouds
are an important integral part of the monsoon system, and any attempt to
understand the latter should include the detailed investigations on the former.
Realizing its importance, many attempts were made in the past to study the cloud
distribution over the ISM region [Grossman and Garcia, 1990; Laing and Fritch,
1993]. Most of these studies used passive remote sensing techniques and are thus
limited to fraction of cloud cover over the ISM region. However, Wonsick et al.
[2009] focused on detailed study on cloud variability over the monsoon region in
terms of total, low, high and convective cloud amounts throughout the different
phases of the monsoon. Very recently, Li et al. [2011] accessed the radiative impacts
of single- and multi-layered clouds using A-Train observations. These results
indicated that the multi-layer clouds have a significant impact on radiation budget
and differ with that of single-layered clouds. Thus it is important to know not only
the amount of cloud cover but also its vertical distribution. For example, high level
clouds tend to warm the climate, while low-level clouds lead to a cooling effect
[Ramananthan et al., 1989]. Recently, Tang and Chen [2006], using the MODIS/Terra
measured cloud properties dataset, investigated the characteristics of clouds
associated with the Asian summer monsoon. These authors emphasized the
distribution of low-, mid- and high-level clouds and found that a large amount of
high clouds exist in the Indian monsoon region. Thus it becomes important to know

the three-dimensional distribution of the clouds.

Apart from the total cloud amount and its vertical distribution, one more important
aspect of clouds is the cloud type. It is known that depending upon the cloud type,
the radiative properties, the latent heat released and microphysical properties of
clouds largely differ. Chen et al. [2000a] investigated the radiative flux changes
induced by the occurrence of different cloud types using International Satellite
Cloud Climatology Project cloud data and a radiative transfer model. These authors
emphatically showed that the cloud-type variations are as important as cloud cover
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in modifying the radiation field of the earth-atmosphere system and further showed
that the largest annual mean changes of the global top-of-atmosphere and surface
shortwave radiative fluxes are produced by stratocumulus, altostratus, and
cirrostratus clouds; whereas cirrus, cirrostratus, and deep convective clouds cause
most of the annual mean changes in the global top-of atmosphere longwave
radiative fluxes. Thus it becomes clear that, apart from the three-dimensional
distribution of cloud cover, it is important to have cloud type distribution to quantify
the feedback provided by the clouds in totality. Even though there are studies on
cloud distribution over the ISM region, there are no studies focusing on cloud type
distribution. Sufficient knowledge of the spatial distribution of individual cloud
types would aid the accurate radiation and latent heat calculations, which in turn
would help in accessing the role of clouds in the maintenance and advancement of
the ISM. So it becomes important to know which types of clouds occur over which
region. In this regard, a study is carried out using five years [2006-2010] of
CloudSat observations during June-July-August-September [JJAS] months to
establish the three-dimensional distribution of individual cloud types over the ISM

region for the first time.

3.2 Data and methodology

Five years of CloudSat observations during June-July-August-September months
over the ISM region form the basis for the present study. The cloud profiling radar
[CPR] onboard CloudSat operates at 94 GHz with cross- and alongtrack resolution of
1.4 and 1.7 km respectively, which is a part of the A-Train constellation. With
~240m vertical resolution, CPR can probe optically thick large-particle layers.
However, CPR is not sensitive to optically thin clouds such as high-altitude cirrus
clouds. More details on CloudSat can be found in chapter 2. For the present study,
2B-CLDCLASS data product of version 5 was used over the ISM region [10° S to 30°
N, 500 to 100° E]. In the following section, briefly discuss the cloud classification

algorithm, which was implemented in deriving the 2BCLDCLASS product.
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Wang and Sassen [2001] developed an algorithm to classify clouds by combining the
measurements of ground-based multiple remote sensors. Further, Sassen and Wang
[2008] described the cloud cluster analysis for classifying clouds by using vertical
and horizontal cloud properties, the presence or absence of precipitation from both
CloudSat and MODIS observations along with ECMWF temperature profiles. The
present data product uses this algorithm for cloud type classification. The cloud
cluster analysis converts the vertical profiles of reflectivity from CloudSat into
meaningful microphysical data quantities and identifies the clouds based on the
cloud mask algorithm. The cloud clustering analysis provides cloud horizontal and
vertical extent features and cloud layer structure with significant CPR cloud mask
values [>=30]. Further, classification of the cloud type is done based on
microphysical properties, maximum reflectivity and corresponding temperature at
that level, cloud vertical and horizontal extent and the precipitating properties.
Complete details on the cloud classification algorithm can be found in the 2B-
CLDCLASS product description document at http:
//www.cloudsat.cira.colostate.edu/dataHome.php. The maximum number of cloud
types provided by this product is eight: cirrus [Ci], altostratus [As], altocumulus
[Ac], stratus [St], stratocumulus [Sc], cumulus [Cu], nimbostratus [Ns] and deep
convective [DC] clouds [i.e., cumulonimbus]. Out of the eight clouds, Ns, St, Sc, Cu, Ac
and Dc are categorized as precipitating clouds, and remaining clouds are no
precipitating clouds. Further these clouds are classified into high-, middle- and low-
level clouds. This product is available as a function of latitude, longitude and altitude
with the same resolution as that of CPR. There have been attempts in the recent past
to validate this product. The CloudSat Educational Network [CEN], a primary
education and public outreach component of the CloudSat mission, collected visual
observations of cloud type during the period of 2007- 2008 and compared the
observed cloud types to those retrieved using the CloudSat 2B-CLDCLASS product.
There were 227 coincidental measurements of CEN and CloudSat within 100 km
radius. The preliminary comparison has shown 66% agreement between the surface
observers and CloudSat observations [Rogers and Vane, 2010]. Very recently,
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Behrangi et al. [2012] used the 2B-CLDCLASS product to study the vertical and
horizontal distributions of the cloud types across different seasons over the
contiguous USA and surrounding areas. In this study, the authors describe the 2B-
CLDCLASS product in detail including their limitations: [1] surface contaminations
in the lower 3 to 4 range bins of CPR vertical reflectivity profiles will have
implications in classifying St and Sc clouds, and [2] the CPR is not sensitive to high-
altitude thin clouds, which will have implications in detecting the Ci clouds. Thus
both these limitations will result in fewer detections of St, Sc and Ci clouds than
actually present. One should keep these things in mind while interpreting the
observations. The second limitation can be overcome by combining the CALIPSO
observations. However, it will be done in near future. We have followed the
following procedure to calculate the frequency of occurrence of each cloud type. [1]
The observations over the study region are grouped into 2.5x2.5 grid boxes. [2] The
number of occurrences of each cloud type as a function of altitude is estimated in
each grid box. [3] The number of occurrences of each cloud type is then divided by
the number of occurrences of all cloud types at each altitude. [4] The height profile
of frequency of occurrence of each cloud type within each grid box is estimated. [5]
From these height profiles, the altitude at which the maximum frequency of
occurrence takes place is found for each cloud type for a given grid box. [6] The
maximum frequency of occurrence at the altitude [provided by step [5] is then used
to create the maps over the ISM region, which will be discussed in the next section.
The height profiles of frequency of occurrence in each grid box provided the 3-D

distribution of cloud types over the ISM region [Subrahmanyam and Kumar, 2013].

3.3 Spatial distribution of cloud types over the ISM region

By adopting the method described in Section 3.2, quantified the frequency of
occurrence of various cloud types, and Figure 3.1 (a-h) show the five-year [2006-
2010] mean distribution of frequency of occurrence of Ci, As, Ac, St, Sc, Cu, Ns and
DC clouds over the ISM region during JJAS. Figure 3.1 contains both daytime and

nighttime observations of CloudSat. It has to be remembered that we have estimated
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the frequency of occurrence at each altitude bin and Figure 3.1 corresponds to the
altitude where maximum frequency of occurrence of corresponding cloud is
observed. As the altitude at which maximum frequency of occurrence takes place
differs from one grid box to another, we have taken the mean of these altitudes over
the study region, and the same is provided in Figure 3.1 as mean altitude. From
Figure 3.1 (a) it is evident that the distribution of Ci is highly concentrated over
south Bay of Bengal (BoB), Indian peninsula and Indian Ocean. During the ISM, the
convective storms over most northern parts of BoB (known as the Head BoB)
produce copious amounts of Ci clouds [formed from the anvil of deep convective
clouds], which are spread over the ISM region by the strong Tropical Easterly Jet
[TE]J] [Sathiyamoorthy et al., 2004]. The maximum percentage of occurrence of Ci
cloud is ~30-35 %. As discussed in Section 3.2, the CloudSat underestimates the
occurrence of Ci clouds as it is not sensitive to optically thin cirrus clouds. CloudSat
observations over the ISM region are limited to two local times per day. If there are
any diurnal variations in particular cloud occurrence, it may bias the frequency of
occurrence estimations discussed here. However, an attempt is made to bring out
the differences between the frequencies of occurrence of each cloud during day- and
nighttime over the ISM region, which will be discussed later in this section. The Ci
clouds are known for their role in radiative forcing, and thus their unambiguous
spatial distribution assumes its importance. Figure 3.1 (b) shows the distribution of
frequency of occurrence of As clouds, which seem to occur preferentially over BoB
compared to over the Arabian Sea. Interestingly, occurrence frequency of As cloud is
higher over oceans than over land in contrast to Ac cloud distribution shown in
Figure 3.1 (c), which frequently occur over land. The frequency of occurrence of Ac
is found to be high over Bangladesh, Tibetan Plateau region and uniformly
distributed over the Indian landmass. The preferential occurrence of Ac over land is
a relatively new observation and needs to be further investigated in terms of
microphysical processes associated with Ac clouds. Frequency of occurrence of St
and Ns clouds is shown in Figure 3.1 (e) and (g), respectively. From these maps it is
evident that occurrence of these two clouds is very low compared to other cloud
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Figure 3.1: Five-year [2006-2010] mean distribution of frequency of occurrence during JJAS of (a) Ci, (b) As, (c) Ac, (d) St,
(e) Sc, (f) Cu, (g) Ns and (h) DC clouds over the ISM region. The mean altitude provided at the top of the maps corresponds to
the average of peak altitudes at which maximum frequency of occurrence is observed over the study region.
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types over the study region. Especially the occurrence of St clouds is almost non-
existent over the ISM region. This can be to some extent attributed to the surface
contamination of CPR in the lower heights up to ~1 km. But, in the case of Ns cloud
distribution, there is considerable amount of occurrences over the Tibetan Plateau
region. Frequency of occurrence of Sc cloud is shown in Figure 3.1 (e), which readily
reveals its maximum occurrence over the Arabian Sea region and also over
equatorial Indian Ocean. It is interesting to note that the Sc clouds form scarcely
over the BoB. The spatial distribution of Sc clouds is also very crucial as it plays an
important role in shortwave radiative forcing resulting in cooling of the surface. The
confinement of Sc clouds over the Arabian Sea can be attributed to the descending
motion from monsoon convection apart from lower tropospheric thermal inversion
that occurs during the ISM period over this region [Sathiyamoorthy et al., 2011]. The
weak descending motions over the Arabian Sea during the ISM period can suppress
the vertical development of clouds. The strong winds over the Arabian Sea during
the ISM period can cool the sea surface by upwelling, which also can play a role in
suppressing the convection. Besides these reasons, there is a strong mixing of dry
air from Arabian Desert at around 650-500 hpa, which further dilutes the vertical
development of the convection over the Arabian Sea [Subrahmanyam and Kumar,
2013]. Thus there are strong dynamical processes that prevail over the Arabian Sea,
which results in limiting the convection growth and seems to be the prime reason
for formation of Sc clouds as observed in the present study. These aspects will be

further discussed later in this section.

Figure 3.1 (f) shows the frequency of occurrence of Cu clouds, which are relatively
high over Tibetan Plateau region and the western coast of southern India. A
secondary peak can also be observed in Cu occurrence over equatorial Indian Ocean.
Other than these regions, Cu occurrence frequency is very low over the study region.
The distribution of DC clouds, which are very important in both radiative and latent
heat estimations as well as in precipitation over the ISM region, is shown in Figure
3.1h. Compared to other cloud types, the distribution of DC clouds has been well
76



Chapter 3 Cloud type distributions over the ISM region

documented over the ISM region [Grossman and Garcia, 1990; Laing and Fritsch,
1993; Houze et al., 2007]. From Figure 3.1 (h), it can be noted that the DC clouds are
highly concentrated in the northeast of BoB, a consistent feature reported by earlier
studies [Zuidema, 2003]. A secondary peak in frequency of occurrence of DC can be
noted over the western coast of India and central India. These DC clouds produce
large amounts of precipitation, and good or bad monsoon mostly depends on the
distribution and frequency of occurrence of these clouds. It is also known that the
highest mean precipitation over the ISM region takes place over BoB, and thus the
distribution of DC clouds becomes very important not only from a hydrological
standpoint but also from a dynamical standpoint as large amounts of latent heat
released in these system maintain the monsoon circulation [Zuidema, 2003]. The
continental tropical convergence zone, which extends from the Indo-Gangetic Plain
into the BoB, plays a key role in the development of DC clouds by pumping the
sufficient moisture into the atmosphere over the north BoB. Thus Figure 3.1 (a-h)
depicts the five-year mean distribution of various cloud types associated with the
ISM, and it is observed that dynamics plays a vital role in this distribution
[Subrahmanyam and Kumar, 2013]. As mentioned earlier, it is important to know
what type of cloud forms over which region to assess the feedback provided by the

clouds to the large-scale ISM. Figure 3.1 provides these details for the first time.

3.4 Diurnal variation of cloud type distributions

It is important to know the diurnal variation in occurrence of cloud types, if any, as
CloudSat observations cover only two local times over the ISM region. These
satellites cross the Equator at approximately 13:30 and 01:30 local times. Over the
ISM region CloudSat observations are made at ~06:00-09:00UTC [local day] and
18:00-21:00UTC [local night]. The results depicted in Figure 3.1 correspond to the
mean of all the observations regardless of day or night. As the observations from
CloudSat are available during both day and night, an attempt is made to evaluate the
difference between the day and night distribution of frequency of occurrence of

various cloud types, and the same is shown in Figure 3.2. We have generated the
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Figure 3.2: Same as figure 3.1 but for differences in frequency of occurrence during day- and night-time.
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distribution maps similar to Figure 3.1 for both day- and night-time, separately. The
night-time maps are then subtracted from the daytime maps to obtain the difference
between the two. The positive values in Figure 3.2 indicate that the particular cloud
type occurrence is higher during the daytime than during the night-time. The first
impression from this figure is that there is no coherent diurnal variation in occurrence
of various cloud type except for DC clouds over BoB. Again, the St cloud is
underrepresented here. Most of the clouds show a diurnal variation of ~5% in their
occurrence. However, there are pockets of isolated highs in diurnal variations as in the
case of Ci clouds over the Indian Ocean, which show diurnal variation as high as 20 %.
The DC clouds show ~15% diurnal variations especially over BoB. With these few
exceptions, there is no notable diurnal variation in the occurrence of particular cloud
types over the ISM region [Subrahmanyam and Kumar, 2013]. Thus the five-year JJAS
mean distribution of frequency of occurrence of cloud types shown in Figure 3.1 is not
much affected by the diurnal variations in cloud occurrence frequency as CloudSat
observations are available during both local day and night-time as confirmed from

Figure 3.2.

3.5 Interannual variability of cloud type distributions

One of the most complex problems associated with the ISM is its interannual
variability [Goswami and Xavier, 2005]. A part of the interannual variability of the ISM
can be attributed to the interannual variability of the various cloud distribution and
the feedback provided by these clouds. In order to investigate the interannual
variability of the frequency of occurrence of various cloud types, we have established
the same for individual years from 2006 to 2010. Figure 3.3 (a-f) show the interannual
variations in frequency of occurrence of the various cloud types Ci, As, Ac, Sc, Cu and
DC clouds respectively from 2006 to 2010. The interannual variability of St and Ns is
not included here as their frequency of occurrence is lower than other cloud types, as
mentioned earlier. The frequency of occurrence of Ci clouds is relatively higher over
the south Arabian Sea and equatorial Indian Ocean in 2006, 2007 and 2010, whereas

the distribution of Ci is higher over south BoB in 2008 and 2009. However, during all
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the years, one can notice the signature of TE] in the distribution of Ci clouds. Further,
the distribution of Ci clouds depends on the distribution of DC clouds over head BoB,
as a majority of Ci clouds over the ISM are formed from the outflow of DC clouds. The
interannual variation of As clouds is shown in Figure 3.3 (b), which readily reveals that
the distribution of these clouds is limited to BoB during the years 2006, 2008 and
2009, whereas it is observed over the Arabian Sea also during the years 2007 and
2010. With an exception during the year 2009, the distribution of As over the Arabian
Sea seems to exhibit the biennial oscillation. Figure 3.3 (c) depicts the interannual
variation of Ac clouds; as discussed earlier, these clouds preferentially form over land.
There is a little interannual variation in the Ac cloud distribution over the ISM region.
The interannual variation of Sc clouds is shown in Figure 3.3 (d). It is very interesting
to note the consistency of these cloud occurrences over the Arabian Sea as well as over
the equatorial Indian Ocean during all the years. Except during the 2009, the frequency
of occurrence of these clouds over the Arabian Sea is coherent and limited to a narrow
region, and the interannual variation is not very prominent. Figure 3.3 (e) shows the
interannual variation of Cu clouds. There are two prominent peaks in the occurrence
of these clouds: one over the Tibetan Plateau and the other over the west coast of
India. There is a little interannual variation in their occurrence over these regions.
Finally, the interannual variation of DC cloud occurrence is shown in Figure 3.3 (f).
From this figure, it is evident that the DC clouds spread over the entire BoB and the
Arabian Sea region in 2007 and 2010, whereas in 2006, 2008 and 2009 they are highly
concentrated in the northeast BoB. One more noteworthy observation is the lack of DC
clouds over the Indian landmass during the year 2009 as compared to other years. The
year 2009 was a drought year with 22% deficiency in all India monsoon rainfall as
compared to the long-term monsoon rainfall over the region. Thus Figure 3.3 (a-f)
describes the interannual variation in distribution of frequency of various cloud types
occurring over the ISM region. The dynamical, thermal and moisture structure of the
background atmosphere during these years could be the principal reason for the
observed interannual variability of these clouds, which have to be further investigated.
As mentioned earlier, the distributions shown in Figures 3.1 and 3.3 correspond to the
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Figure 3.3: Distribution of frequency of occurrence of (a) Ci, (b) As, (c)] Ac, (d) Sc, (e) Cu and (f) DC clouds during the
years 2006 - 2010.
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height at which maximum occurrence of that particular cloud is found [Subrahmanyam
and Kumar, 2013]. However, it will be useful to have the height distribution of various

cloud types over the ISM region.

3.6 Vertical distribution of cloud types

The frequency of occurrence of individual cloud types are averaged in each range bin
over the entire ISM region, and Figure 3.4 (a-f) show the vertical distribution of
frequency of occurrence of Ci, As, Ac, Sc, Cu and DC clouds, respectively. The vertical
distribution of Ci, As, Ac, Sc, Cu and DC clouds peaks at 12, 7.5, 6, 1.1, 2 and 5 km
height, respectively. The vertical distribution of these clouds in terms of cloud type is
very important from radiative forcing stand point. The vertical extent of various cloud
types shown in figure 3.4 is consistent with the present understanding. The vertical
limit of the DC clouds is as high as 16 km. The deviations of all India monsoon rainfall
from the long-term mean during the individual years 2006-2010 are given in Figure
3.4 (f). This information has been taken from the India Meteorological Department.
From these rainfall deviations, it can be noted that the year 2009 is a drought, and all
other years are near-normal [2006 and 2008] to excess year [2007 and 2010]. During
the drought year of 2009, it can be noticed that the frequencies of occurrence of all
cloud types are reduced compared to other years, and it is very interesting to note that
the vertical distribution of DC clouds reflects the monsoon rainfall [i.e., their frequency
of occurrence is higher in excess years than in near-normal and drought years]. Thus
the present study established the three-dimensional distribution of various cloud
types occurring over the ISM region for the first time, which are very vital for
understanding the feedback provided by the clouds to the monsoon system. The
present study also opens up the possibility to assess the role of individual cloud types
in modifying the background thermal structure of the troposphere through radiative

and latent heating [Subrahmanyam and Kumar, 2013].
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Figure 3.4: Vertical distribution of frequency of occurrence of (a) Ci, (b) As, (c) Ac, (d)
Sc, (e) Cu and (f) DC clouds averaged over the ISM region during 2006 -2010

3.7 The role of prevailing dynamics in the formation of cloud types during ISM

region

From the above discussion, it is evident that the maximum frequency of occurrence of

Sc clouds take place during ISM over the Arabian Sea, Cu clouds over the Western

Ghats, As clouds over land and Ac clouds over oceanic region and DC clouds over the

north east BoB regions. This section discusses the prevailing dynamics and thermal

structure aiding in the formation of various clouds such as Ci, Cu, DC and Sc clouds

over the ISM region. The TE]J plays an important role in the distribution of Ci clouds
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over the Indian region during summer monsoon period. The vigorous convective
activity over BoB produces a large fraction of DC clouds over this region as shown in
figure 3.1 (h). The anvils of these Dc clouds are detached and smeared away by strong
TE] at 100 hpa level thus aiding in distribution of cirrus over the Indian region as seen
in figure 3.1(a) [Sathiyamoorthy et al.,, 2004]. Besides this, DC clouds transport the
large amount of water vapour into the upper troposphere, which also facilitates the

formation of cirrus clouds.
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Figure 3.5: Five (2006-2010) year mean divergence at 100 hPa level during the ISM
period.

The maximum occurrence of Cu is found to be over Western Ghats region (3.1(f)). The
formation of Cu clouds over the Western Ghats is mainly due to orographic features

present at this region. The interaction of moisture laden Low Level Jet (LLJ) with
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Western Ghats aids in formation of Cu as well as Dc clouds over this region. Figure 3.5
show the five (2006-2010) mean spatial distribution of divergence at 100 hPa level
derived from ERA-Interim reanalysis data during the ISM period. A positive value
indicates divergence, while negative for convergence. From this figure, it is evident
that relatively large upper level divergence exists over the BOB and Western Ghats. It
is known that the upper level divergence is associated with low level convergence and
the convergence of moisture form low level leads to the formation of deep convective
clouds during the ISM period as seen in figure 3.1 (h). Thus lower level convergence
plays a major role in formation of DC clouds over the Head BoB [Subrahmanyam and

Kumar, 2018a].
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Figure 3.6: Five year mean winds during the ISM period at (a) 850 hPa and (b) 650 hPa
derived from ERA-Interim reanalysis datasets.

Now, we investigate the formation of Sc cloud over the Arabian Sea, which is very

consistent year-after year. Figures 3.6 (a) and (b) show the mean winds at 850 hPa and
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650 hPa level respectively during ISM period constructed using ERA-Interim
reanalysis winds. Among many atmospheric circulation features during ISM, the LLJ
occurring at 850 hPa is one of the prominent factors, which is depicted in figure 3.6(a).
The thermal gradient between the Indian Ocean and Asian landmass is the primary
driver for the LLJ. The core of the ISM LLJ lies around 850 hPa level and play a vital
role in transporting the moisture from oceanic to land region resulting in widespread
rainfall over the Indian Subcontinent [Joseph and Sijikumar, 2004]. From figure 3.6(a),
it can be noted that the winds accelerate in the 5-10° N region (Entrance) and
decelerate in the 15-20° N region (Exit). Thus the moisture carried by the LL] from the
entrance region with accelerating winds converge at the exit region with decelerating
winds and this low level convergence may be conducive for moisture convergence to
form clouds over this region [Sathiyamoorthy et al., 2013]. However, the upper level
winds, sea surface temperature and the background thermal structure dictate the
vertical development of the clouds. Figure 3.6(b) shows the vector winds over the ISM
region at 650 hPa level. From this figure it is evident that there are strong southward
winds from the Arabian land mass towards the Arabian Sea during this season. These
winds are supposed to be very dry as they pass through the desert region and thus can
affect the vertical development of the clouds through entrainment [Subrahmanyam
and Kumar, 2018a]. Thus from figure 3.6 it can be noticed that the lower tropospheric
winds by transporting moist air are conducive for formation of the clouds whereas
mid-tropospheric winds by transporting dry air inhibits their vertical development

over the study region.

Further, as mentioned earlier the background thermal structure also plays a vital role
in the vertical development of the clouds. To investigate this aspect, the temperature
profiles from ERA-Interim reanalysis datasets are examined over the study region.
Figure 3.7 shows the monthly mean profiles of temperature over the study region for
June, July, August and September months. The mean temperature profile is obtained by
averaging all the profiles in 10-20° N latitudinal and 60°-759 E longitudinal belt. From
this figure, it can be noted that there exists a strong thermal inversion in the 950-850
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hPa level over the Arabian Sea. As mentioned earlier, the thermal inversions inhibit the
vertical development of clouds and thus these regions are favourable for formation of
low level clouds such as Sc clouds. These thermal inversions together with advection of
dry air at 650 hPa level from the Arabian desert leads to inhibition of vertical
development of clouds over west Arabian Sea. The formations of thermal inversions

over Arabian Sea were reported in the past [Narayanan and Rao, 1981].
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Figure 3.7: Monthly mean temperature profiles observed over the Arabian Sea during
ISM period and averaged in the 60-70°E and 15-25°N region.

One of the important factors contributing to the formation of these inversion layers is
the subsidence associated with monsoon convection over the Indian land mass and the
Bay of Bengal. To examine, whether such subsidence is present over the study region,
the vertical velocity dataset from ERA-Interim reanalysis data is used. Figure 3.8
shows the mean pressure-longitude section of Omeag and winds at 159 N (where

frequency of occurrence of Sc clouds are maximum) during the month of August over
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the study region. The negative velocity shows the upward motion and positive
velocities show the downward motions. It is known that the magnitudes of vertical
velocities provided by reanalysis are not validated. However the reanalysis datasets
are able to identify the large-scale up and down drafts, for example, the Walker
Circulation can be readily identified by using the vertical velocities derived from

reanalysis datasets [Subrahmanyam and Kumar, 2017].

Omega(Pa/s) - August
| | |

100+——— 0.2
20 “H0.15
300 i
0.1
T3]3 i
g -10.05
o
< 500 i
[}
2 0ol o
@ 600 i
g
e 0.05
700 i
800 B0.1
900~ H-0.15
1000 ‘ 02
40 50 80 70 80 90 100 110 120
Longitude

Figure 3.8: Five year mean climatology of pressure-longitude section of Omega and
winds derived from ERA-Interim reanalysis datasets for the month of August.

From the figure 3.8, it is evident that the strong subsidence takes place over the study
region, which can result in thermal inversion through adiabatic compression. The dry
and hot air advected from the Arabian Desert also may play a role in development of
the observed inversion layers. Also, the downdrafts over the study region can directly
suppress the vertical development of clouds as shown in figure 3.8. Descending motion

of monsoon circulation can be seen in figure 3.8 during the month of August in which
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the deep convective activity is high over Indian region as well as over the BoB. The
negative (positive) Omega values indicate the upward (downward) motion of
monsoon convection shown by solid arrow symbol in figure 3.8 over the longitude
sector around 90-100 E. The associated downward motion can be found around the
55-60 E, where the maximum frequency of occurrence of Sc cloud forms (fig 3.1(e)).
Thus the thermal inversions formed over the Arabian Sea due to descending motion
induced by monsoon convection play a key role in the formation of observed Sc clouds.
A strong convection can overcome the thermal inversion layers and can develop into
deep convection. However, the strength of the convection has dependency on the sea
surface temperature. The strong winds over the Arabian Sea during the ISM period can
cause upwelling of the sea thus cooling the sea surface, which in turn weakens the

convection [Subrahmanyam and Kumar, 2018a].

In general, Sc clouds tend to form under large scale subsidence associated with the
Hadley as well as Walker circulations. One of the important parameters used in the
earlier studies to identity the potential locations for the formation of Sc clouds, is the
lower tropospheric stability (LTS). The LTS is an indicator of the atmospheric stability
at lower levels, which is defined as the difference of potential temperature at 700 hPa
and 1000 hPa levels [Klein et al., 1995]. If the observed LTS is higher then there is less
chance for the vertical development of clouds. Figure 3.9 shows the mean distribution
of Sc clouds in terms of frequency of occurrence along with LTS in contours during the
month of August. From this figure it is evident that the region of maximum in
frequency of occurrence coincides with the regions of larger LTS. This observation
suggests that the areas of high LTS are not favourable for development of clouds
vertically as discussed earlier. However, the larger LTS magnitudes are consequence of
the thermal inversion as shown in figure 3.7. Thus there are three factors, viz., low sea
surface temperature, large scale subsidence induced thermal inversion, and dry air
intrusion in mid troposphere, which influence the vertical development of clouds over
the Arabian Sea and favours the formation of Sc clouds [Subrahmanyam and Kumar,
2018al].
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Figure 3.9: Five year mean spatial distribution of FOC of Sc clouds along with contours
of LTS over the study region observed during the month of August.

3.8 Summary

Five years [2006-2010] of CloudSat observations over the ISM region are used to
establish the three-dimensional distribution of various cloud types in terms of their
frequency of occurrence for the first time. The mean distribution of Ci clouds
emphatically showed the role of TE] in spreading the anvils of DC clouds forming over
the head BoB. These clouds are most frequently observed over the Indian peninsula,
south BoB and Indian Ocean. It is observed that the Sc clouds form most frequently
over the north Arabian Sea and are confined to a narrow region. The prevailing
dynamical features during the ISM period seem to be responsible for the formation of
these clouds over the Arabian Sea. It is also observed that Ac clouds form
preferentially over land and As clouds over BoB. The mean distribution of Cu clouds
showed three distinct peaks over the Tibetan Plateau, western coast and equatorial
Indian Ocean. The distribution of DC clouds, which are very important from a
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hydrological standpoint, showed a pronounced peak in their occurrence frequency
overhead BoB and secondary peaks over western coast, south BoB and central India.
The frequencies of occurrence of St and Ns clouds are found to be much lower than
other cloud types over study region. The diurnal variations in frequency of occurrence
of all these clouds are also established using day- and nighttime observations of
CloudSat. The interannual variations of all these clouds are discussed, and it is
observed that the region over which a particular cloud occurs is consistent from one
year to another. The mean vertical distribution of all the cloud types over the ISM
region is also established. The vertical structure of DC showed year-to-year variations,
which is consistent with the India summer monsoon rainfall observations during that
study period. The role of prevailing dynamics in the formation of various cloud types is
also investigated. It is envisaged that the present study will be helpful in quantifying
the feedback of an individual cloud type to the ISM.
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Chapter 4

Cloud type distribution in Tropical
Cyclones formed in the North Indian

Ocean surrounding the Indian region

“You carry both lighting and thunder in that
Space between your bones and sour
Become the storm you are hiding from

A hurricane does not run from the rain”
-Nikita Gill

4.1Introduction

The devastation caused by tropical cyclones makes them one of the important topics
of research in the realms of meteorology. The prediction of intensity and movement
of tropical cyclones are the two important topics addressed by several researchers
across the globe to understand these complex atmospheric-oceanic systems. Among
many atmospheric processes associated with tropical cyclones, the clouds embedded
in these systems play an important role in precipitation as well as modulating the
energy budget of the earth’s atmosphere [e.g., Bergman and Salby, 1997]. Once
formed, further intensification and movement of the tropical cyclones, among other
factors; depend on the latent heat released in the clouds embedded in them [e.g,
Houze, 2010]. The latent heat released in clouds modifies the internal dynamics of
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cyclone and the dynamics in turn dictate the cloud distribution within in the cyclone.
However, the amount of latent heat released by various cloud types is different. By
knowing the cloud type, it may be possible to infer the latent heat released indirectly.
In recent times, climate models are able to simulate the development of tropical
cyclones [e.g., Fudeyasu et al., 2010, Bu et al., 2014]. However, most of the climate
models are not able to simulate vertical structure of clouds in tropical cyclones [Su et
al, 2011; Su et al., 2008; Masunaga et al., 2008]. So it becomes important to study the
vertical distribution of clouds within a cyclone for having better insights into its
internal dynamics and vice versa. Doppler radars, dropsondes, aircraft
measurements and satellite based passive and active remote sensing techniques
have been employed in the past to better understand the cloud systems within
tropical cyclones. In the past, observations of tropical cyclones have progressively
improved using satellite based measurements with more advanced instruments over
the years [e.g., Rappaport et al., 2009]. However, early days’ satellite observations of
tropical cyclones are relied upon infrared and visible images from geostationary
satellites to estimate cyclone position and intensity [e.g., Dvorak, 1984]. Subsequent
satellite measurements were improved by adding passive microwave sensors with
the ability to penetrate into cirrus cloud decks and disclose cyclone structures
[Kidder et al, 1978; Velden and Smith, 1983]. The passive remote sensing
measurements have their own advantages and disadvantages. Infrared radiometer
onboard geostationary satellites provide continuous observations of evolution and
movement of cyclones, but they cannot provide the vertical distribution of clouds in
cyclones. Especially, infrared radiometers cannot provide the information below the
high altitude clouds such as thick cirrus. Consequent satellite missions added
additional microwave sensors with channels at more frequencies [TMI, AMSR-E,
AMSU, SSM/I], which have yielded relatively more accurate cyclone forecasts

[Fudeyasu et al., 2010]. Precipitation radar [PR] on board Tropical rainfall
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Measuring Mission [TRMM] provided vertical structure of convective clouds
[Simpson et al., 1998], however- TRMM- PR is not very sensitive to non-precipitating
clouds and cannot provide continuous observations of cyclone. Understanding about
the structure and dynamics of tropical cyclones is improved tremendously with the
TRMM-PR observations [Hence and Houze, 2008; Houze, 2010]. Further, concerns
about the possible effects of global warming on tropical cyclone activity have

motivated a number of theoretical and modelling studies [Emanuel, 2001].

Information on three dimensional distribution of cloud types were very limited until
the launch of CloudSat [Stephens et al., 2002] and CALIPSO [Winker et al., 2007]
satellites, which are part of A-Train constellation. A-train provides the unique
opportunity to combine the observations of precipitation, radiation and clouds. The
combined observations from CloudSat/CALIPSO provide three-dimensional
distributions of various cloud types and vertically resolved radiative heating
structure [Mace, 2010; Behrangi et al., 2012; Subrahmanyam and Kumar, 2013; 2017;
L’Ecuyer et al., 2008; Haynes et al., 2013]. The central objective of the present study
is to construct the composite cloud type distribution embedded in tropical cyclones
and cloud radiative heating rates as a function of radial distance from the eye of the
cyclones formed in the North Indian Ocean using CloudSat observations. Durden et
al. [2009] studied the seventeen tropical cyclones passes of CloudSat and found that
the reflectivity is relatively higher in the eye-wall region compared other regions of
tropical cyclones and oriented more vertically. While L’Ecyer et al. [2015] showed
the composite structure of tropical cyclone observed by CloudSat in connection with
background wind shear and further showed that environment wind shear play a
vital role in the dynamics and formation of tropical cyclone. The present study
attempts to bring out the composite vertical structure of cloud type distribution

within tropical cyclone which is envisaged to shed light on which type of clouds form
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in which part of a cyclone.

4.2 Data and Methodology

For the present study, observations of Cloud Profiling Radar [CPR] [onboard
CloudSat] over tropical cyclones formed in Arabian Sea and Bay of Bengal
surrounding the Indian subcontinent during the years 2006-2014 are used. The
operating frequency of CPR is 94 GHz and it provides observations with 240 m
vertical resolution and 1.4 and 1.7 km cross- and along-track resolution, respectively
[Stephens et al., 2002]. Recently, Tourville et al, [2015] compiled A-Train
observations over Tropical cyclones, which is a unique dataset to investigate the
different aspects of clouds embedded in tropical cyclones. This dataset provides
information on vertical structure of clouds, precipitation, cloud properties,
environmental storm conditions and tracks of the cyclone [Tourville et al., 2015].
Among these datasets, the 2B-CLDCLASS product of CloudSat, which provides the
cloud type information, is used for the present study [Sassen and Wang, 2008].
CloudSat algorithm classifies clouds into eight types, viz., cirrus [Ci], Altostratus [As],
Altocumulus [Ac], Stratus [St], Stratocumulus [Sc], cumulus [Cu], Nimbostratus [Ns]
and Deep Convective [DC]. The classification is based on different aspects of
hydrometeors' vertical and horizontal scales using CPR measured reflectivity and
ancillary data including ECMWF temperature profiles and surface topography
[Sassen and Wang, 2008]. The 2B-CLDCLASS data product employs cloud cluster
algorithm for cloud type classification using CloudSat observations. The cloud cluster
algorithm derives various cloud types using the reflectivities from CPR along with
other additional information from ECMWF reanalysis data. The cloud cluster
algorithm considers only the significant CPR cloud mask values 30 and above, which
is provided by cloud mask algorithm. Further, classification of the cloud type is done

based on microphysical properties, maximum reflectivity and corresponding
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temperature at that level, cloud vertical and horizontal extent and the precipitating
properties. Complete details on the cloud classification algorithm can be found in 2B-
CLDCLASS product description document at
http.//www.cloudsat.cira.colostate.edu/dataHome.php. The 2B-CLDCLASS data
product provides the cloud information as a function of latitude, longitude and
altitude with the same resolution that of CPR observations. The main advantage of
CloudSat is that it provides the vertical structure of hydrometeors over the foot-print
of CPR along its path. However, CPR is not sensitive to optically thin clouds such as
high-altitude thin cirrus clouds. More details on CloudSat can be found in Marchand
et al. [2008]. The limitations of 2B-CLDCLASS product are [1] surface contaminations
in the lower 3 to 4 range bins of CPR vertical reflectivity profiles, which will have
implications in classifying St and Sc clouds and [2] the CPR is not sensitive to high
altitude thin clouds, which will have implications in detecting the Ci clouds
[Marchand et al., 2008; Behrangi et al., 2012; Subrahmanyam and Kumar, 2013,
Subrahmanyam and Kumar, 2018b]. Both these limitations will result in fewer
detection of St, Sc and Ci clouds than actually present. A detailed description of

cloudSat and its data products are provided in chapter 2.

One should keep these limitations in view while interpreting the observations.
Despite these limitations, cloud type classification are derived using the CPR
reflectivities along with auxiliary data from ECMWF reanalysis fields along its path,
which is very useful for assessing the role of clouds in energetics and dynamics of the
atmosphere as a function of cloud type. The following steps are adopted to calculate
the frequency of occurrence of each cloud type as a function of distance from the eye
of cyclone. Step 1: The CloudSat observations are gridded with respect to the
distance from the center of tropical cyclone. Step 2: The number of each cloud type is

estimated as a function of height. Step 3: The number of occurrence of each cloud
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type is divided by the number of occurrence of all cloud types at each height and the
same is used to construct the composite cloud type distribution in a tropical cyclone
as a function of distance from the eye of the cyclone [Subrahmanyam and Kumar,

2018b].

Table 4.1 List of Tropical Cyclones occurred in North Indian Ocean during 2006 to 2014.

S. No. Cyclone Period Basin
Name
1 MUKDA 21 Sept - 24 Sept, 2006 ARB
2 AKASH 12 May - 15 May,2007 BoB
3 GONU 1 June - 7 June, 2007 ARB
4 SIDR 11 Nov - 16 Nov, 2007 BoB
5 NARGIS 27 Apr - 7 May, 2008 BoB
6 RASHMI 25 Oct - 27 Oct, 2008 BoB
7 KHAIMUK 13 Nov - 16 Nov, 2008 BoB
8 NISHA 25 Nov - 29 Nov, 2008 BoB
9 BIJILI 14 Apr- 17 Apr, 2009 BoB
10 AILA 23 May - 26 May, 2009 BoB
11 PHYAN 4 Nov - 11 Nov, 2009 ARB
12 LAILA 17 May - 21 May, 2010 BoB
13 BANDU 19 May - 23 May, 2010 ARB
14 PHET 30 May - 7 June, 2010 ARB
15 GIRI 20 Oct - 23 Oct, 2010 BoB
16 JAL 1 Nov - 8 Nov, 2010 BoB
17 THANE 25 Dec - 30 Dec, 2011 BoB
18 MURJAN 22 Oct- 26 Oct, 2012 ARB
19 NILAM 28 Oct- 1 Nov, 2012 BoB
20 MAHASEN 10 May - 17 May, 2013 BoB
21 LEHAR 23 Nov - 28 Nov, 2013 BoB
22 MADI 6 Dec - 13 Dec, 2013 BoB
23 NANAUK 10 June - 14 June, 2014 ARB
24 HUDHUD 7 Oct- 14 Oct, 2014 BoB
25 NILOFAR 25 Oct - 31 Oct, 2014 ARB
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Table 4.1 lists the number of cyclone events formed in the North Indian Ocean
surrounding the Indian subcontinent during 2006-2014, which were used in the
present study. The table also provides the period of the cyclone. Figure 4.1 (a) shows
the number of CloudSat observations over the tropical cyclone as a function of radial
distance from the eye of the cyclone. From this figure, it is clear that there are
relatively few observations over the eye of a cyclone as compared to other parts of
the system. However, the cloud type distribution is normalized with the total
number of observations to estimate the frequency of occurrence of each cloud as a
function of radial distance from the eye of the cyclone. Figure 4.1 (b) shows the
number of CloudSat observations in each cyclone from 2006 to 2014. The
information on regions of their formation is also given in the figure. On an average
each cyclone has about 1500 CloudSat profiles in and around them. From this figure,
it is evident that the present observations are not dominated by any particular
cyclone. Further, these observations are separated into two subsets, one set having
observations during developing stage and other during mature stage. The developing
and mature stages are identified using the formation of well-defined eye and the
information provided by the India Meteorological Department. However, identifying
the eye during formative and dissipating stage is very difficult and thus focused on

mature stage of the cyclone alone in the present study.

Figure 4.2 depicts the schematic of vertical cross section of tropical cyclone
[redrawn from Frank, 1973] highlighting the vertical cloud distribution and internal
circulation. The basic anatomy of the cyclone consists of an eye, eye-wall, moat, inner
and outer rain-bands. However, the nomenclature slightly differs among the
meteorologists. From this illustration, it is clear that the eye-wall, the inner and the
outer rain bands of cyclones consist of deep convective systems reaching up to the

tropopause and the presence of cirrus clouds resulting from outflows of these deep
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convective systems. This is a simplified cloud distribution of a tropical cyclone and

there are other clouds embedded within these systems. From this schematic, it can

be observed that the top of the deep convective clouds decreases with distance from
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Figure 4.1: (a) The number of CPR profiles as a function of radial distance from eye
of the cyclone and (b) the number of CPR profiles in each cyclone.
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the eye. This is attributed to the inhibition of vertical development of clouds by the

out flows of deep convection from eye-wall region of a cyclone. The dynamics

responsible for the formation of deep convective clouds as well as cirrus clouds in

various regions of the tropical cyclone is reported by Houze et al. [2010]. A complete

description of cloud distribution, especially cloud types in tropical cyclones is yet to

be generalized and the present study is an attempt towards this end using CPR on

board CloudSat.
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4.3 Cloud type distribution in ‘GONU’ cyclone observed by CloudSat

Figures 4.3 (a) and (b) show CloudSat track through the GONU cyclone’s eye and its
inner rainband respectively on 2 June 2007 at two different times. GONU cyclone
was developed on 1st June 2007 in the eastern Arabian Sea and it developed into
matured stage on 4t June. It started weakening on 6t June and then dissipated on 7t
June after making the landfall. The CloudSat reflectivity observations along its track
over the GONU cyclone provided valuable information on the vertical structure of
clouds and are shown in Figure 4.3 (c) and (d), which correspond to the CloudSat
ground tracks indicated by red lines in Figures 4.3 (a) and (b) respectively. These
figures depict the vertical cross section of cloud reflectivity as observed by the CPR
along the CloudSat track. The radar reflectivity derived from backscatter signal from
the cloud droplets forms the basis for deriving cloud microphysical information
including its type. From these two figures, echo tops reaching as high as 15-16 km
corresponding to deep convective clouds can be observed. In conventional
geostationary satellite observations, it is difficult to discern the high cloud and deep
clouds and the active remote sensing observations used in the present study resolve
this paradox [Subrahmanyam and Kumar, 2018b]. The horizontal distribution of
radar reflectivity along the CloudSat track also reflects the circulation pattern with in
tropical cyclone. The regions which are void of clouds represents the regions of
down drafts, regions with reflectivity spread through ~2-15 km represents the
updraft region and the regions where the reflectivity is confined in 10-15 km region
represents the convective outflow regions. Thus using the reflectivity structure one
can infer some of the dynamical aspects of the cyclone structure. Further, the cloud
type distributions are constructed and are depicted in Figures 4.3 (e) and (f)
corresponding to CloudSat tracks shown in Figure 4.3 (a) and (b) respectively. In
Figure 4.3 (e), the various sectors of tropical cyclone viz., eye, eye wall, rainbands

and anvils are labelled. Only small portion of the eye of the GONU cyclone is captured
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Figures 4.3: The CloudSat track through the GONU cyclone’s (a) eye and (b) inner rainband on 2 June 2007. (c) and
(d) The CloudSat reflectivity corresponding to CloudSat tracks shown in (a) and (b), respectively. (e) and (f) The
cloud type distribution corresponding to CloudSat tracks shown in (a) and (b), respectively.
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by the CPR in one direction. However, it provides valuable information on the
vertical structure of cloud types embedded in the observed cyclone. One can observe
the clouds such as stratocumulus, altocumulus and altostratus with in the eye. This
region is void of any deep convective clouds as this region is dominated by the
downdrafts from surrounding deep convective systems [Houze, 2010]. On either side
of the eye, deep convective systems representing the eye wall can be noticed in
Figure 4.3 (e). The outflows from the eye walls can be noticed in the form of cirrus
clouds below which there are cumulus and stratocumulus clouds. The rainband is
dominated by the deep convective clouds, which occupy the latitude band between
14 and 16 degrees followed by the thick altostratus and cirrus clouds. It has to be
remembered that this cross section represent a small portion of a tropical cyclone
and a comprehensive description may require several observations along many
parts of the systems. However, the vertical cross section shown in Figure 4.3 (e)
along the cyclone eye represents the typical cloud type distribution, which is
consistent with the present understanding. In Figure 4.3 (f), the CPR observations of
cloud types over the inner and the out rainbands are depicted. In the inner rainband,
the deep convective cloud occupies the latitude band 13.5 to 179 N degrees followed
by cirrus and altostratus clouds on either side. At low-levels of inner rainbands,
there are little amount of stratocumulus clouds. A clear signature of moat can be
noticed in the 12-13° N latitude regions. The moat is a cloud-free region representing
the regions of intense down drafts and separating inner and outer rainbands.
However, in many cyclones the moat region is found between an old and new eye
walls. The outer rain bands shown in figure 4.3[f] are also dominated by the deep
convective systems followed by cirrus and altostratus clouds. Thus Figures 4.3 (e)
and (f) depict the typical cloud type distribution in the regions adjacent to the
cyclone’s eye and in the inner/outer rainbands, respectively. The cloud type

distribution depicted in figure 4.3 is from instantaneous observations of CloudSat
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over the GONU cyclone and as mentioned in section 4.2, a total number of 25 cyclone
observations are used to construct a composite cloud type distribution. It is known
that the cloud distribution varies largely from one cyclone system to another and
also depends on the category and stage of a cyclone. Any attempt to construct the
composite cloud distribution in cyclones should consider these aspects. However,
previous studies based on decades of observations on the tropical cyclone proposed
a generalized pattern of clouds around the eye, inner and outer rainbands of the
cyclone [Houze, 2010]. So, by making use of multiple observations of CloudSat over
different parts of tropical cyclones, a composite cloud type distribution is

constructed as a function of height and the radial distance from the cyclone’s eye.

4.4 Composite cloud type distribution in Tropical cyclones

Figure 4.4 (a-g) shows the frequency of occurrence of Deep Convective clouds [DC],
Cirrus [Ci], Altostratus [As], Nimbostratus [Ns], Altocumulus [Ac], Stratocumulus
[Sc], Cumulus [Cu], respectively as a function of height and radial distance from the
eye of cyclones. To obtain the frequency of occurrence, the number of occurrences of
each cloud type as a function of altitude is estimated and the same is divided by the
number of occurrences of all cloud types at each altitude. The DC clouds distribution
depicted in Figure 4.4 (a) shows its peak frequency of occurrence of 50% at ~50-100
km radial distance from the eye with a vertical extent of ~16 km. The tallest DC
clouds form very near the eye of a cyclone and the tops of these clouds gradually
decrease thereafter as a function of radial distance [Subrahmanyam and Kumar,
2018b]. Most of the previous studies have shown the DC clouds very near to the eye
of the cyclones and the present results show that even though these clouds are
present near to the eye, the maximum frequency of their occurrence is slightly away

from the eye as shown in the Figure 4.4 (a). From this figure, it is also evident that
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Figure 4.4: (a-g) The frequency of occurrence of Deep Convective clouds [DC], Cirrus [Ci], Altostratus [As],
Nimbostratus [Ns], Altocumulus [Ac], Stratocumulus [Sc], Cumulus [Cu], respectively as a function of height and
radial distance from the eye of the cyclone.
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the DC clouds distribution shows band structures representing their preferential
regions for formations such as the inner and the outer rainbands. The frequency of
occurrence of DC clouds drastically decreases beyond 500 km from the eye. The warm
sea surface temperature and low level convergence of moisture are the prime driving
force for the DC cloud formation in cyclones. The latent heat released in theses clouds
forms the basis for further intensification of cyclone. Both the latent heating of
condensation and freezing contributes to the heating apart from cloud radiating
heating. The DC clouds formed in the cyclones are different from the DC clouds that
form in another convective system. The main difference between these two types of DC
clouds being the swirling updrafts and cloud bases in the cyclones [Houze, 2010]. By
now, it is well known that the outflows in the DC clouds in cyclones are responsible for
the generation of Ci clouds. The Ci cloud distribution in tropical cyclones are depicted
in Figure 4.4 (b), which shows that these clouds occur at around 13-15 km height
region with a maximum frequency of 30% (at 14-15 km altitude) at around ~200 km
radially from the eye of the cyclones. This frequency of occurrence is at a particular
altitude where it peaks. It is interesting to note that the peak in Ci clouds are observed
just after the peak in the DC clouds shown in Figure 4.4 (a), which further strengthens
the assertion that the principal source for Ci clouds is the outflows from the DC clouds.
This observation also vouches for the present approach for constructing the composite
cloud distributions using multiple cyclone observations. Significant amounts of Ci
clouds are observed up to 1000 km radial distance from the eye, which is well known
from earlier observations. From this figure, it is also clear that the Ci cloud tops are
gradually decreasing as a function of radial distance as in the case of DC clouds. The
outflow from the DC clouds, which forms the Ci clouds, plays a vital role in radiative
forcing as well as in limiting the vertical growth of the DC clouds. Apart from the
outflows of the DC clouds, there is a possibility of in situ generated Ci clouds. However,

in cyclones the majority of Ci clouds are formed from the DC cloud outflows. With time,
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Ci clouds transform into the large and deeper stratus and cirrostratus clouds. Further,
the cirrostratus clouds can seed the As cloud formation. Figure 4.4 (c) shows the
distribution of As clouds in tropical cyclones. The As cloud distribution shown in this
figure is not consistent with the present understanding of characteristics of these
clouds. In general, As clouds occur in the height region of ~3-10 km in the tropics and
are classified as mid-level clouds. But Figure 4.4 (c) shows tops of As clouds as high as
16 km near the eye of cyclone with a peak frequency of occurrence of ~25%. There
seems to be an issue in distinguishing DC and As clouds in the cloud classification
algorithm, especially in cyclones. It can be explained on the basis of the tilted DC clouds

in tropical cyclones.

As mentioned earlier, the DC clouds in the tropical cyclones swirls and thus will be
titled with respect to its base. The CPR, which observes the clouds in nadir view, may
be classifying the upper portion of the tilted DC as As cloud. This scenario is illustrated
in figure 4.5, which shows the possibility of CPR classifying the upper portion of the DC
clouds as As. The rectangular box shown in figure 4.5, which is a part of eye-wall DC
clouds may be classified as As cloud in the present algorithm. This type of slanting eye-
wall clouds are discussed by Houze [2010]. One more possibility is that the transition
region between the DC clouds and their outflows may also be classified as As clouds.
This assertion is substantiated by the cloud classification observations depicted in
Figures 4.3 (e) and (f), which show that the DC clouds are accompanied by As clouds in
most of the cases. Further, from Figure 4.4 (a), it can be noted that near to the eye of
cyclone, the frequency of occurrence of DC clouds are limited to ~7 km. Above this
altitude, a peak in the frequency of occurrence of As clouds is observed over this
region. Thus it seems that the cloud classification algorithm identifies the upper
portions of the DC clouds and the transition region between these clouds and their

outflows as As clouds. So while estimating the frequency of occurrence DC clouds and
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As clouds in the tropical cyclones, these aspects have to be considered. However, this
will not have any consequence on the overall frequency of occurrence of the DC clouds
as it will only affect the vertical distribution as shown in Figure 4.4 (a). In the present
study, not implemented any corrections to existing cloud type identification and

retained the original classification provided by the CloudSat product.

CloudSat

Height (km)
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Figure 4.5: Illustration of CloudSat nadir view over the upper portion of the tilted DC
cloud.
The As clouds descend to lower heights with time and can evolve as Ns clouds.

However, apart from As clouds, Ns clouds can form directly also. Figure 4.4 (d) shows
the composite height distribution of Ns clouds as a function of the radial distance from
the cyclone's eye. From this figure, it can be noted that the frequency of occurrence of
Ns clouds is relatively low [~6%] as compared to the other clouds discussed so far. Ns
are rain bearing clouds and dominate in contributing to the precipitation production.
These clouds are limited in their occurrence within ~400 km from the eye of the
cyclones with their tops reaching ~10 km. Thus the outflows from the DC clouds can
trigger the formation of Ci, As and Ns clouds and influence their frequency of

occurrence in tropical cyclones [Subrahmanyam and Kumar, 2018b].

Figure 4.4 (e) shows the composite height distribution of frequency of occurrence of Ac
clouds as a function of the radial distance from the eye of cyclone. It shows a peak
frequency of occurrence of 10% near to the eye. The horizontal extent of these clouds
is very large and comparable to that of Ci clouds. Even though the Ac clouds are not
important for their contribution to the precipitation production, these clouds play a
significant role in radiative forcing. The low-level clouds such as Sc are most common
in the center of the cyclone. Figure 4.4 (f) shows the composite distribution of
frequency of occurrence of Sc clouds as a function of the radial distance from the eye of
cyclone. From this figure, it evident that the Sc clouds most frequently occurs near the
eye of cyclone with a peak frequency of occurrence of ~15%. The tops of Sc clouds are
confined to ~2.5 km and these clouds can form up to a horizontal distance of 600 km
region around the cyclone. It is well known that the dynamical response of ascending
air in the DC clouds near the eye wall of cyclone will induce descending motion in the
eye of cyclone and the descending air is responsible for the cloud-free zone in the eye.

However, the low level convergence of moisture in the eye results in the formation of
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Sc clouds, whose vertical development is inhibited by the downdrafts initiated by the
adjacent DC clouds. The downdrafts in the eye give rise to an inversion layer in the
lower troposphere that act as a lid to the raising air thus limiting the vertical
development of the clouds. Apart from Sc clouds, it is also common to observe the Cu
clouds in the eye. Figure 4.4 (g) shows the composite height distribution of frequency
of occurrence of Cu clouds as a function of radial distance from the eye. The frequency
of occurrence of these clouds shows a peak of ~10% with their tops reaching up to ~5
km. Reasonable amount of these clouds can be seen as far as ~600 km from the eye.
Most of these clouds are formed in the shadows of the DC cloud outflows and under the
downdraft regions of cyclones. Most often Sc and Cu clouds are formed adjacent to
each other in cyclones. Thus Figure 4.4 depicts the composite height distributions of
various clouds as a function of radial distance from the eye of a cyclone, which is
consistent with the conceptual models of tropical cyclones. Furthermore, to have a
comprehensive view of the cloud type distribution embedded in tropical cyclones, a
contour map of frequency of occurrence of all clouds as a function of radial distance
from the eye of the cyclone is generated as shown in Figure 4.6. This type of
representation aids in visualizing what type of clouds dominates in which part of
cyclone. The contour intervals are not same for all the clouds. The decrease of cloud
tops as a function of the radial distance from the eye is more clearly seen in this figure.
The peak in frequency of occurrence of the DC clouds is followed by Ci cloud peak. It is
also noted that there are distant regions showing peak in the frequency of occurrence
of various clouds embedded in cyclone. For example, the Ns clouds show their
frequency of occurrence at five distant bands from the cyclone's eye in Figure 4.6 (at
100, 300, 600, 800 and 900 km) with decreasing frequency of occurrence from one
band to another. Overall, the mean cloud type distribution [mean over 0-1000 km
horizontal extent of cyclones] is investigated. Apart from the biases discussed in
previous sections, the composite cloud distribution discussed in the present study may
also be affected by the asymmetry of cloud distribution with respect to the eye of a
cyclone. However, the consistency of the cloud distribution discussed in the present
study with that of the conceptual models is very encouraging.
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Figure 4.6: Comprehensive view of the frequency of occurrence of various clouds embedded in the tropical cyclones.
The contour intervals are not same for all the clouds. White, cyan, yellow, green, blue, magenta and red colors for Ci, As,
Ac, Sc, Cu, Ns and DC clouds respectively.

112



Chapter 4 Cloud type distributions in Tropical Cyclones

4.5 Summary

CloudSat observations of tropical cyclones formed in the North Indian Ocean
surrounding the Indian subcontinent during the years 2006 to 2014 are investigated to
study the three dimensional cloud type distribution over the tropical cyclones. A total
number of 25 tropical cyclones (8 in Arabian Sea and 17 in Bay of Bengal) observed by
CloudSat are analyzed to construct the composite vertical structure of cloud type
distribution. The cloud type distribution reproduced many of the known tropical
cyclone features such as the DC clouds at the eye walls, Ci cloud anvils and cloud free
zones between the inner and the outer rainbands known as Moat in the lower
troposphere. It is found that the DC clouds are always accompanied by As and Ci clouds
and their peak frequency of occurrence is ~ 50 % at ~50-100 km radial distance from
the cyclone’s eye. It is also observed that the DC clouds extend up to ~ 16 km near to
the eye and their top altitudes decrease gradually as a function of radial distance from
the eye of cyclone. The Ci cloud distribution showed a peak frequency of occurrence of
30% (at ~14-15 km altitude) at around ~200 km radially from the eye. The peak in Ci
clouds is observed right next to the peak in the DC clouds indicating that Ci clouds form
from the outflows of the DC clouds. However, the distribution of As clouds showed
some discrepancy with respect to the present understanding of these clouds. This is
probably due to CloudSat classifying the upper portion of the slanted DC cloud as As
clouds. One more envisaged possibility is that the transition region between the DC and
their outflows may also be classified as As clouds by the CloudSat algorithm. The Sc
clouds are observed in the center of cyclone as their vertical growth is inhibited by the
downdrafts induced by the adjacent DC clouds, which limit their cloud top height to ~
2.5 km. The Cu clouds are observed in the shadows of the DC cloud outflows and the
significant amounts of these clouds are seen as far as ~ 600 km radially from the center
of the eye. Most frequently, the Sc and Cu clouds are observed adjacent to each other in
the present study. It is found that there are distant regions showing the peak in
frequency of occurrence of various clouds embedded in the cyclone. Thus the present
study brought out the three-dimensional distribution of cloud types and associated
dynamics in and around tropical cyclones along with their radiative impacts. It is now
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known that the clouds around tropical cyclones are strongly connected by their
internal circulation and play an important role in their development as well as motion.
There is a need to assess the ability of present numerical models to simulate the cloud
processes in tropical cyclones. It is useful to know the three-dimensional distribution
of cloud types and associated dynamics around tropical cyclones. In this context, the
present chapter by bringing out the three-dimensional distribution of cloud types and
associated dynamics in and around tropical cyclones has important implications in

understanding the cloud processes in tropical cyclones.
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Chapter 5

Multi-layered cloud distribution and

associated dynamics

“We drift apart clouds on different wind
Long we fought to hold our misty grips
But in the end we were again

Clouds on different winds”

-Atticus

5.1 Introduction

Owing to its importance in hydrological cycle, general circulation and radiative
forcing, any aspect of clouds is a cynosure to meteorologists as well as common men
across the globe. As the accurate representation of cloud processes and their
feedback in the general circulation models are the need of the hour, cloud studies
have been placed at a high pedestal by the meteorological community. By now, it is
well established that the clouds remain the largest uncertainty in climate model
forecasts [Stephens, 2005; Randall et al., 2007]. By interacting with both short and
longwave radiation, clouds play crucial role in the radiative budget at the surface,
within and at the top of the atmosphere. Understanding of the atmospheric radiative
heating and latent heat release associated with clouds are central to any study
dealing with general circulation as well as precipitation. Realizing the importance of
clouds in Earth’s radiation budget and hydrological cycle, a host of studies carried
out in the past to divulge this ubiquitous feature of the earth’s atmosphere. Most of
these studies emphasized the importance of cloud vertical structure on atmospheric

circulations, including the effects of variations of cloud top and base heights, cloud
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layer thicknesses, and the vertical distribution of multilayered clouds as they
significantly modify vertical and horizontal gradients in radiative and latent heat
fluxes [Webster and Stephens, 1984]. The unanimous view of many of the
atmospheric researchers is that the detection of multilayered clouds is important
from climate standpoint and any attempt to quantify the global warming should
include the radiative impacts of clouds [Gupta et al., 1992; Wielicki et al., 1995; Wang
et al, 2000; Chen et al, 2000a]. Thus it is important to have quantitative
measurements of the geographic distribution and variations of cloud vertical layers.
There were studies in the past, which emphatically showed the cloud effects on the
general circulation [Slingo and Slingo, 1988 ; Randall et al, 1989; Wang and Rossow,
1998]. Especially, Randall et al. [1989] examined the response of the atmospheric
circulation by varying the cloud vertical distributions in the models. These authors
confirmed that the circulation is sensitive to the vertical distribution of clouds, which
modifies the vertical radiative heating of the atmosphere. Wang and Rossow [1998]
performed a series of experiments using the NASA Goddard Institute for Space
Studies GCM to study the effects of vertical distribution of clouds on atmospheric
circulations. These authors focused on the importance of the vertical structure by
exploring quantitatively the different effects between single and multilayered clouds.
One of the important findings of this study was that the vertical gradients in the
cloud distribution were more important to the circulation strength than horizontal
gradients. Rossow et al. [2005] pointed out that the key to understand the cloud-
dynamical feedback is determining the nature of the relation of radiative and latent
heating rate profiles induced by cloud vertical structure. Mace et al. [2007] reported
that the vertical distribution of zonally averaged hydrometeor occurrence and
showed the relationship of clouds with components of the atmospheric general
circulation. So, it becomes inevitable to establish the vertical distribution of clouds
and to study their role in modifying the atmospheric circulation for better

understanding of cloud feedback mechanisms in totality.
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The ground based observations using Radars, Lidars and radiosondes provided
much needed microphysical properties of clouds, which lead to better understanding
of precipitation and radiative properties of the clouds. Even though the ground
based techniques provide a wealth of information on clouds, they are not capable of
providing the spatial distribution of clouds and their properties on large scale. On
the other hand, the regional as well as global distribution of clouds is provided by
space based observations. Most of the space based passive remote sensing
techniques provide the twodimensional distribution/properties of clouds. Most
available satellite measurements from nadir pointing passive remote sensing
instruments are limited to retrieval of information about the uppermost cloud layer
or column integrated properties whereas active remote sensing techniques provide
the vertically resolved cloud properties thus providing three-dimensional
perspective of the clouds [Simpson et al. 1988]. The spaced based active remote
sensing instruments are providing extensive observations on vertical distribution of
clouds. The importance of having multilayer cloud information has been realized
very early and many attempts were made in the past to retrieve the same. Baum et
al. [1995] proposed a method to retrieve the multilayer cloud properties from
AVHRR observations using a modified multispectral, multi resolution method. Using
this method these authors discriminated the single and multilayer clouds. Wang and
Rossow [1995] established a method that uses the rawinsonde observations to
determine cloud vertical structure. In a seminal study, Wang et al. [2000] reported
climatology of cloud vertical structure using 20 years of global rawinsonde
observations of humidity profiles. This climatology provided much needed
information about single layer and multilayer clouds including top and base heights
along with thickness of each layer. However, this study was limited to the
rawinsonde stations spread over the globe and could not provide the complete
picture of multilayer cloud distribution across the globe. Later, Huang et al. [2005]
proposed a multilayer cloud retrieval system by combining satellite visible and

infrared radiances and surface microwave radiometer measurements. However, this
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detection method works only in non precipitating conditions. On the other hand,
recent cloud radar and lidar observations onboard CloudSat and CALIPSO
respectively as a part of the A-Train mission providing a wealth of information on

the three dimensional distribution of clouds on a global scale [Stephens et al., 2002 ].

The combination of passive and active remote sensing instruments operating in the
A-Train mission providing unprecedented information on cloud vertical structure,
aerosol climate effects, and more accurate estimates of surface longwave fluxes and
atmospheric heating rate profiles. Luo et al. [2009] documented the seasonal
variations in occurrence frequency and location of single and multilayer
hydrometeors. Wu et al. [2009] investigated the differences/similarities of vertical
distributions of cloud occurrence frequency from various passive and active sensors.
Recently, Li et al. [2011] accessed the radiative impacts of single and multilayered
clouds using A-Train observations. The results indicated that the multilayer clouds
have a significant impact on radiation budget due to their high frequency of
occurrence globally and obvious radiative effect differences with that of single
layered clouds. However, this study didn’t distinguish how many layers are there in
the multilayer clouds. The above discussion thus emphasizes the importance of
cloud vertical structure for climate related studies. However, there are very few
studies in the past focusing on this issue, especially using satellite based active
remote sensing techniques. Thus the present chapter studied the multilayer cloud
structures across the globe using 4 years of [2007-2010] CloudSat and CALIPSO
observations. This chapter describes the geographical distribution and frequency of
occurrence of multilayered clouds, which are resolved into one, two, three, four and
five layer clouds across the globe. As most of the earlier studies did not further
classify the multilayered clouds into two, three, four and five layer clouds, the
present study focus on this issue, which is a relatively new component in the ongoing
studies of vertical structure of clouds. An attempt is also made to discuss the

manifestation of large circulations in geographical distribution of multilayer clouds.
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5.2 Data and methodology

With the launch of CPR onboard CloudSat in early June 2006 and CALIOP onboard
CALIPSO in late April 2006, unprecedented information on vertical distribution of
hydrometeors are available for the atmospheric research community. CloudSat and
CALIPSO observations have been extensively used in the recent past to study the
cloud vertical structure. For the present study, 2B GEOPROF-LIDAR, a combined
auxiliary product of CloudSat and CALIPSO observations are used. This product is
produced by extracting the maximum information from the combined potentially
spatial overlap region by radar and lidar sensors. This product provides information
on the parameters related to vertical structure of clouds, which includes the location
of cloud layers in the vertical column, cloud base, cloud top and number of cloud
layers. Details of CloudSat and CALIPSO can be found in Stephens et al. [2008] and
Winker et al. [2007] respectively. The synergy between these two instruments can
nearly provide a complete picture of cloud distribution across the globe. Mace et al.
[2009] suggest that greater than 90 % of cloud layers are correctly identified as
cloud, by making use of the combination of the CloudSat and CALIPSO observations.
The 2B GEOPROF-LIDAR product contains the combined cloud mask information,
which indicates the confidence level in detection of clouds, ranging from 0 to 40. A
cloud mask of 30-40 indicates the high confidence detections and less false
detections (i.e., less than 2 % for 30 and less than 0.2 % for values of 40). More
details on CloudSat products can be found in the CloudSat Data Products Handbook
[http://www.cloudsat.cira.colostate.edu]. Four years [2007-2010] of 2B GEOPROF-

LIDAR data product have been used for the present study with cloud mask of 30-40.
The maximum number of cloud layers provided by this product is five. From this
product, seasonal variations in frequency of occurrence of one, two, three, four, and
five layered hydrometeors are determined over the globe. First, the observations are
gridded into 2.5° x 2.5° [longitude x latitude] for each season and then frequencies of
occurrence of each cloud layer are determined within the grid. Table 5.1 illustrates

the method followed to determine the frequency of occurrence of each layer. In each

119



Chapter 5 Multi-layered cloud distribution

grid, the number of occurrence of each layer is counted and the same is normalized
by the total number of CloudSat observations in each grid [Subrahmanyam and
Kumar, 2017]. Following this procedure, the seasonal variation in frequency of
occurrence of each cloud layer is determined across the globe. For interpreting the
observed geographical distribution of multilayered clouds in terms of largescale
circulation, Modern Era Retrospective analysis for Research Application [MERRA]
data during the present observational period are used to estimate the meridional
mass stream function [MSF] and vertical velocities. The details of MERRA reanalysis

can be found in Rienecker et al. [2011].

Table 5.1 Illustration of the method followed to determine the frequency of
occurrence of multi-layer clouds.
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One- layer cloud Occurrence - 28; Two- 22; Three- 19; Four- 14; Five- 9;
Total no. of observations - 100

Percentage for One-layer clouds = (28/100)*100=28 %

5.3 Spatial distribution of frequency occurrence of one layered clouds

The frequency of occurrence of various cloud layers ranging from one to five layers
is quantified by using the above method discussed in section 5.2. The observations
are categorized into four seasons viz.,, December-January- February [DJF], March-
April-May [MAM], June- July-August [JJA] and September-October-November
[SON]. For each season, 4 years of observations during 2007-2010 are averaged to
obtain the mean global distribution of each cloud layer. Figure 5.1 (a-d) shows the
mean seasonal variation of frequency of occurrence of single layer clouds during DJF,
MAM, JJA and SON over the globe respectively. The striking feature of this figure is,
the high frequency of occurrence of single layer clouds during all the seasons over
the Southern Ocean. The single layer clouds more or less uniformly distributed over
the entire longitudinal belt over 60°-70°S. The frequency of occurrence of single
layer clouds over this region ranges from 60 to 70 % with minimal seasonal
variations. However, a close look at Figure 5.1 (a) and (c) reveals that the frequency
of occurrence of single layered clouds over the Southern ocean is relatively high
during Austral summer as compared to winter. From ISCCP, it is known that the
mean cloud fraction over the Southern Ocean is about ~0.79 [Rossow and Schiffer,
1999]. Trenberth and Fasullo [2010] reported that the climate model errors in
simulating top of atmosphere fluxes over the Southern ocean are among the largest
anywhere in the world. In this regard, any information on these cloud regimes
becomes very important to accurately represent them in climate models. These
recent model simulations emphasized the importance of having quantitative
information on these cloud regimes. Recently, Haynes et al. [2011] using multiple
datasets of ISCCP and CloudSat-CALIPSO observations investigated the
characteristics of the Southern ocean cloud regimes and their effects on the energy
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Figure 5.1: Four years mean seasonal variation of frequency of occurrence of single layer clouds during (a)
DJF, (b) MAM, (c) JJA and (d) SON across the globe.
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budget. These authors reported the vertical structure of the clouds as well as the
occurrence of precipitation over the Southern oceanic region. The present study also
emphatically brings out the seasonal variations in distribution of single layered
cloud over the Southern Ocean and further discussion on vertically resolved
multilayer clouds over this region, which is relatively new compared to earlier

studies, are discussed in this chapter.

Apart from Southern and Northern hemispheric high latitudes, high fraction of single
layer clouds also occur over the South Pacific Ocean near west coast of the South
America [~ at 20°-30°S latitudinal belt] and over the South Atlantic Ocean near west
coast of South Africa. These two cloud regimes show pronounced seasonal variation
with maximum occurrence during SON [~80 %] and minimum during MAM [~60 %].
An additional patch of high fraction of single layered clouds occurs over the North
Pacific Ocean near west coast of the North America [~ at 20°-30°N latitudinal belt],
which shows maximum during JJA and minimum during DJF. On the other hand, very
low frequency of occurrence of one layered clouds can be noticed from Figure 5.1 (a-
d) over the North and South Africa, the Middle East and Australia over the 20°-30°
latitude belt in both the NH and SH. Even though the low frequency of occurrence of
one layered clouds is observed over the same geographical locations during all the
seasons, they exhibit pronounced seasonal variation in magnitude with very low
fractions during JJA in both the hemispheres. However, it is very interesting to note
the couplet of low and high fraction of one layer clouds over the descending branch
of the Hadley cell, which is more prominently seen during JJA over the west coast of
South Africa and South America [Subrahmanyam and Kumar, 2017]. It is expected to
be cloud free zone over the descending branch of the Hadley cell. Over the land, the
driest regions are found over the descending branches of Hadley Cell. However, over
the oceanic regions of Hadley Cell descending branch, due to availability of moisture
in the lower levels, single layer clouds can form as observed in Figure 5.1. A detailed

discussion on Hadley cell circulation and their relation to single layer clouds will be
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discussed in section 5.6.

Apart from abovementioned regions, relatively high fraction of single layer clouds
are observed over the Himalayan mounts in the 30°-35°N latitudes. The occurrences
of single layered clouds are observed during all most all the seasons with occurrence
frequency of 50-60 %. During the DJF i.e. boreal winter, the weather over these
regions is dominated by Western disturbances [Dimri et al., 2015] and during JJA i.e.,
boreal summer by Asian summer monsoon. The topographical features of this region
plays vital role in observed cloudiness over these regions during winter and summer
seasons. One more striking feature of Figure 5.1 (a-d) is the high occurrence [~60
%] of single layer cloud over Northern Hemisphere high latitudes. Over this region,
the frequency of occurrence of one layered clouds is high over the oceans compared
to land. One can notice the strong seasonal variation with winter maximum in single
layered cloud occurrence over Pacific and Atlantic Ocean at latitudinal belt of 40°-
60°N. It is also interesting to note the band of propagating clouds over the Atlantic
Ocean sandwiched between Europe and Green Land, coinciding with the midlatitude
storm tracks [Hoskins and Hodges, 2005; Bengtsson et al., 2006 ; Yuan et al., 2009;
Dong et al., 2013]. Unlike over Southern ocean where single layered clouds uniformly
distributed along the longitude, over Northern high latitudes, single layered clouds
are not uniformly distributed [Subrahmanyam and Kumar, 2017]. Thus the seasonal
variations in frequency of occurrence of single layered clouds are brought out using
the 4 years of combined observations of CloudSat and CALIPSO. The distribution of
single layered cloud occurrence and their association with largescale circulations are

discussed in section 5.6.

5.4 Spatial distribution of frequency occurrence of two and three layered

clouds

Figure 5.2 (a-d) shows the distribution of two layered clouds during the DJF, MAM,

JJA and SON seasons. Most of the earlier studies, distinguished the single and
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Figure 5.2: Same as figure 5.1 but for two-layer clouds.
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multilayer clouds. However, the multilayer clouds were not further classified into
two, three, four and five layered clouds. In the present study, the multilayer clouds
are further classified into different layers as mentioned earlier, which is relatively a
new component of the present study. One interesting inference that can be drawn
from Figures 5.1 and 5.2 is the frequency of occurrence of single layered cloud is
high over oceans, whereas in the case of two layered cloud it is high over land,
especially over the low latitude and equatorial belt. One can notice the migration of
ITCZ from South to North and back during DJF to SON. Over the equatorial region,
the high frequency of occurrence of two-layer clouds [~40 %] is observed over
South America, Central Africa and Indonesian regions during all the seasons with
maximum during DJF and minimum during JJA over the 5°S- 5°N latitudes. The
locations of relatively high frequency of occurrence of two layered clouds over the
equatorial regions more or less coincide with the ascending limbs of the Walker
circulation. Walker circulation and its association with multilayer clouds will be
discussed later in this section 5.6. During the ]JA, there is an increase in the
frequency of occurrence of two layered clouds over Indian subcontinent and
surrounding oceans, which persist during SON also. This observation can be readily
attributed to the presence of Indian summer monsoon circulation over this region,
which is dominated by the formation of various kinds of clouds such as cumulus,
stratocumulus, cirrus etc. [Subrahmanyam and Kumar, 2013]. Over the Southern
Ocean also, there is relatively high frequency of occurrence of two layered clouds,
which are spread across the longitudes similar to single layer clouds shown in Figure
5.1. However, two layered clouds are relatively discrete as compared to one layered
clouds over this region. Apart from these regions, over Arctic and North Pacific
oceanic regions also one can notice the relatively high frequency of occurrence of
two layered clouds. Thus the global distribution of two layered clouds is quantified
and the regions with high frequency of occurrence of these clouds are identified.
Figure 5.3 (a-d) depicts the three layered cloud distribution over the globe during
the abovementioned four seasons. The three layered cloud distribution is more or
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Figure 5.3: Same as figure 5.1 but for three-layer clouds.
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less similar to two layered cloud distribution shown in Figure 5.2. The low frequency
of occurrence of three layered clouds is again observed over the descending branch
of Hadley cell. The signature of descending branch of Hadley cell is more pronounced
in three layered clouds and the white patches in the Figure 5.3 indicate that there
were no three layered clouds at all over that particular region during the
observational period. Over the Southern Ocean, three layered clouds are observed
but very discrete in nature. Over this region, there is a seasonal variation in the
occurrence of three layered clouds with maximum occurrence during Austral winter.
Apart from the Southern oceanic regions, a frequency of occurrence of 15-20 % in
three layered cloud formation can be noticed over the Indian subcontinent and
surrounding oceanic regions during boreal summer season, which can be directly
attributed to the Indian summer monsoon. Abundance of deep convective clouds
during the Indian summer monsoon period produce a copious amount of cirrus
clouds, which are formed form the anvil of deep convective clouds and spread by the
tropical easterly jet. Moreover, during this season, the monsoon low level jet brings
moisture from the adjacent oceans to the Indian subcontinent thus aiding the
formation of clouds. The prevailing dynamics during this season over ISM region is
dominated by low level jet in the lower troposphere and tropical easterly jet in the
upper troposphere. It is believed that the shears associated with these jets play a
vital role in the formation of multilayered clouds by smearing the clouds. During the
Austral summer also relatively high frequency of occurrence in these clouds are
observed over ITCZ, especially over land regions viz., South America, Central Africa
and Indonesia. These regions again coincide with the ascending limbs of walker
circulation as discussed in the case of two layered clouds. Overall, many of the
features of three layered cloud distribution are similar to that of two layered cloud

distribution.
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Figure 5.4: Same as figure 5.1 but for four-layer clouds.
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5.5 Spatial distribution of frequency occurrence of four and five layered clouds
Figure 5.4 (a-d) shows the frequency of occurrence of four layered clouds over the
globe during DJF, MAM, JJA and SON seasons. Even though the frequency of
occurrence is very low compared to two and three layered clouds, the geographical
locations, where the maximum occurrence of four layered clouds is found, are the
same. The notable features very similar to Figures 5.2 and 5.3 are the equatorial
maxima during almost all the seasons and pronounced maxima during JJA over the
Indian subcontinent. However, one can note ~5 % of four layered clouds over
isolated pockets over the Southern Oceanic region, especially during Austral
Summer. The distribution of five layered clouds for all the four seasons is shown in
Figure. 5.5(a-d). From this Figure, it is evident that the frequency of occurrence of
five layered clouds is very low and limited to few geographical locations over the
globe. The equatorial belt has the maximum occurrence of five layered clouds during
all the seasons compared to all other latitudinal belts, except during JJA, where
maximum occurrence shifts to Indian subcontinent as in the case of other multilayer
clouds. During the JJA, as discussed earlier, Indian summer monsoon sets over the
Indian subcontinent and the winds over this region is dominated by low level
westerly jet in the 1-2 km region and tropical easterly jet in the 14-16 km region.
The wind shears generated by these two jets in the lower and upper troposphere
may play a crucial role in formation of multilayer clouds [Sathiyamoorthy et al,
2004]. Further, the latent heat released in the monsoon clouds over this region
modifies the tropospheric thermal structure thus altering the vertical structure of
static stability, which is important for the cloud formations and its vertical

development [Houze, 1982; Bhat et al., 2002].

One more important observation from Figure 5.5 is the occurrence of five layered
clouds over the midlatitude storm tracks, which are very prominently seen over the
Southern Pacific and Atlantic Oceans during all the seasons. In the Northern

Hemisphere also one can notice the occurrence of five layered clouds over the
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Figure 5.5: Same as figure 5.1 but for five-layer clouds.
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Atlantic Ocean storm track. These observations of multilayer cloud distribution over
storm track assumes their importance as there are reports, which suggest that these
storm tracks are shifting towards the poles and becoming narrower [Bender et al.
2011]. To assess the consequence of this storm track shifting towards the poles and
their effect on clouds and radiation budget, it becomes obvious to characterize the

vertical structure of clouds over these regions.

5.6Role of large-scale circulation in the formation multi layered clouds

In order to study the role of largescale circulation in the formation of one to five
layered clouds depicted in Figures 5.1, 5.2, 5.3, 5.4 and 5.5, the global circulations
viz., Hadley and Walker circulation along with the lower tropospheric stability [LTS]
are analyzed. To examine the role of largescale circulation in formation of persistent
clouds over Southern Ocean, the annual mean meridional mass stream function
[MSF] is estimated using MERRA reanalysis data. The MSF can be used to delineate
the largescale meridional circulation of the atmosphere. Figure 5.6 shows the annual
mean MSF derived using monthly mean meridional winds during the observational
period. The positive values of MSF indicate the clockwise circulation and negative
values the anticlockwise circulations. From this Figure 5.6 it can be noted that the
annual mean ascending limb of the Hadley Cell is located slightly off the equator into
the NH. However, the location of ascending limb of Hadley Cell show pronounced
seasonal variation, which migrates from SH to NH during Austral Summer to boreal
summer [Figure not shown]. From Figure 5.6, it can be noted that at around 60°S
there exists a rising limb of Polar cell. The vertical motions over these latitudes aid in
transporting water vapor up in the atmosphere thus resulting in formation of clouds.
The rising limb of Northern hemispheric Polar cell over 60°N as shown in Figure 5.6,
plays a key role in the formation of clouds observed over Northern Hemisphere [NH]
high latitudes as in the case of their Southern Hemispheric [SH] counter parts.
However, over NH the maximum cloudiness is confined to oceans, which can be
attributed to the availability of water vapor in the ascending limbs of Polar Cell. The
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high fraction of single layered cloud regimes observed over west coast of the South
America, South Africa and North America [~ at 20°-30° latitudinal belt in respective
hemisphere] coincide with the descending branches of Hadley cell as shown in
Figure 5.6 on either side of the equator. At the same time, the spatial distribution of
multi layered clouds depicted in Figures 5.2, 5.3, 5.4 and 5.5 shows very low cloud
amounts over above mentioned regions consistent with the descending branch of

Hadley cell. Thus it is clear from Figure 5. 2 that unambiguous Hadley cell signature
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Figure 5.6: Annual mean meridional mass stream function (Kg/s) calculated using
MERRA re-analysis data during observational period

can be found in multilayer cloud distribution rather than single layered cloud
distribution shown in Figure 5.1. However, the pressure-latitude section of MSF

shown in Figure 5.6 is a zonal mean representation of Hadley cell where as the multi
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layered cloud distribution shown in Figures 5.1, 5.2, 5.3, 5.4 and 5.5 is zonally
resolved. To investigate the zonally resolved Hadley cell, the vertical velocity data
from MERRA reanalysis is examined at 500 hPa level [Figure not shown]. This
analysis clearly shown the subsidence over the regions of high fraction of single
layered clouds observed in the 20°-30° latitude belt of both the hemisphere as
shown in Figure 5.1. Figure 5.7 (a-d) shows the 4 year [2007-2010] average LTS
derived from monthly reanalysis data during DJF, MAM, JJA and SON respectively.
LTS is derived using potential temperature difference between 700 and 1000 hPa
levels [Klein et al., 1995]. The physical significance of LTS is that it indicates the
vertical growth of clouds. Cloud may not vertically grow, if LTS is high and thus they
may be confined to the lower levels of the atmosphere. From Figure 5.7, it is evident
that LTS is high over the regions where the occurrence of single layered cloud is
more especially over descending branches of Hadley cell. The seasonal variation of
CAPE using COSMIC observations and their relation to occurrence of multilayered
clouds are also investigated. The seasonal evolution of CAPE using COSMIC was
reported by Narendra Babu et al. [2010]. It is observed that the locations of high
CAPE magnitude are coincident with the region of multilayered cloud during all

seasons.

Figure 5.8 shows the annual mean pressure-longitude section of vertical velocities
[in Pa/s] averaged over 10°S-10°N latitudinal belt, which are obtained from MERRA
reanalysis data. The positive values indicate the ascending motion and negative
values the descending motion. From this Figure, it is evident that there are three
distinct regions of ascending motion over the South America, Central Africa and
Indonesia reaching up to 200 hPa level [~14 km]. The ascending limb over Indonesia
is wide spread as compared to that of other two regions. These ascending limbs
show pronounced seasonal variability in both, locations and intensities of ascending
limbs. These ascending limbs play a vital role in formation of clouds and the
background horizontal winds and thermal structure are also important in formation
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Figure 5.7: The four year (2007-2010) mean lower tropospheric stability for (a) DJF,
(b) MAM, (c) JJA and (d) SON.
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of multilayered clouds. The studies on the formation of multilayered clouds
associated with ascending limbs of Hadley cell and Walker cell are not readily
available in the literature. However, there are studies on occurrence of deep
convective systems over these regions [Zipser et al., 2006]. Deep convective clouds
over these regions transport the moisture into the upper troposphere there by
facilitating the formation of cirrus clouds. The detachment of anvils from the deep
convective systems also contributes to the formation of cirrus clouds. Thus the
geographical location of ascending limbs of Walker circulation coincides with the
peaks of frequency of occurrence of multi layered clouds over low latitude and
equatorial regions. After constructing the climatology of one, two, three, four and
five layered clouds across the globe, an effort is made to further quantify the

occurrence of multilayer clouds in terms zonal mean frequency of occurrence.

5.7 Zonal mean frequency of occurrence of multi layered clouds

Figure 5.9 (a-d) shows the zonal mean frequency of occurrence of one, two, three
and four layered clouds respectively. The each latitudinal distribution curve shown
in Figure 5.9 is the 4 years mean. Form this Figure, it can be noted that the single
layer cloud distribution exhibits two peaks, one over Southern Hemispheric high
latitudes and another over Northern Hemispheric high latitude coinciding with the
ascending limb of Polar Cell. The minimum in frequency of occurrence of one layered
clouds is observed over the Tropics as shown in Figure 5.9 during all the seasons. As
mentioned earlier, there is very little seasonal variation in frequency of occurrence
of single layered clouds. However, over the Southern Oceanic region occurrence of
single layer clouds are relatively more during Austral summer as compared to
Austral winter. The zonal mean latitudinal distribution of two layered clouds
depicted in Figure 5.9 (b) show three peaks. Two peaks are found over the same
region as in the case of single layered cloud distribution shown in Figure 5.9 (a).

However, there is an additional peak over the equator in the two layered cloud
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distribution, which can be attributed to the presence of ascending limbs of Walker
circulation over these regions. Over the ascending limb of Walker circulation, the
moist air is pumped up into the atmosphere resulting in the formation of clouds [Liu
and Zipser, 2005; Zipser et al., 2006]. Depending on the stability of the atmosphere

cumulus or deep convective systems form over these regions. Further the anvils of
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Figure 5.9: The latitudinal and seasonal distribution of zonal mean frequency of
occurrence of (a) single, (b) double, (c) triple and (d) four-layer clouds.

deep convective systems may detach to form cirrus clouds, which on descending to
lower heights can form midlevel clouds such as alto stratus clouds. So it is envisaged
that the regions over the ascending limbs of Walker circulation are conducive for
formation of multilayered clouds. The minimum in frequency of occurrence of two
layered clouds observed over 20°-30° latitude belt over both the hemispheres in
Figure 5.9 (b) correspond to the descending branch of Hadley cell. The presence of
downdrafts over these regions will not be favorable for formations of multilayered
clouds. It can also be noticed from the Figure 5.9 (b) that during JJA two layered
cloud occurrence is maximum over tropical latitudes, where the occurrence of single

layered cloud is less. It can be also noted that the Southern Hemispheric high
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latitudes show maximum two layered cloud occurrence during winter and minimum
during summer whereas the low latitudes show the exactly the opposite i.e,
maximum during summer and minimum during winter. There is no systematic
seasonal variation over Northern Hemispheric high latitude in the occurrence of two
layered clouds, which show maximum during SON. However, the Northern
Hemispheric low latitude follows the expected pattern showing maximum during
summer and minimum during winter. The 4-year zonal mean latitudinal
distributions of three layered clouds are shown in Figure 5.9 (c), which is very
similar to Figure 5.9 (b) except for magnitudes. The SH exhibits pronounced seasonal
variation in three layered cloud distribution as compared to the NH. Figure 5.9 (d)
depicts the zonal mean four layered cloud distribution, which also exhibits similar
variations as two and three cloud layers. The zonal mean five layered cloud
distribution was also estimated [not shown], which shows preferential peak over the
tropical latitude. The occurrence of five layered cloud is more over 0°-20°S latitude
during DJF and MAM seasons, while it is more over 0°-20°N latitudes during JJA and
SON periods. Thus Figure 5.9 shows the zonal mean latitudinal distribution of
various cloud layers. The interannual variation of all the cloud layers shows that
there is no significant variation except for maximum occurrence of all the cloud
layers. From this Figure, it is evident that the occurrences of three and four layered
clouds are more over the tropical latitudes compared to other latitudes. Over all, it is
observed that on an average over the globe one, two, three, four and five layered
clouds occur at 53, 20, 3.5, 0.4 and 0.04 % frequency respectively. Thus the present
study brought out the preferential locations for multilayered cloud formations and

the role of largescale dynamics in controlling their distribution.

5.8 Vertical and latitudinal distribution of zonal mean frequency of

occurrence of multi layered clouds

After establishing the distribution of multilayer clouds, an attempt is made to
establish the vertical distribution of cloud top and base of single as well as multilayer
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clouds across globe. However, it is difficult task to present the abovementioned
parameters across the globe as it is not practical to average the cloud parameters in
a grid. For example, in a given grid of 2.5° x 2.5°, if we estimate the mean cloud base
or top of one layer cloud, it can be misleading as there can be a cirrus cloud with high
base/top or a cumulus cloud with low base/top. By averaging these two different
cloud bases one can end up with misleading values. Thus the mean cloud top and
base height in a grid cannot be representative of a given region. The alternative is to
have a number of occurrences of various cloud top and bases ranging from 0.25 to 18
km height with 0.25 km interval. Considering the volume of the data to be processed
and the number of illustrations to be made, the analysis is restricted to the summer
and winter of the year 2007. First, the number of occurrences are estimated over the
entire globe in 2.5° x 2.5° and the same is averaged across the longitudinal belt to
provide zonal mean occurrences of particular cloud base and top as function of
latitude as shown in Figures 5.10 (a-j) and 5.11 (a-j) for winter and summer,
respectively. It is to be remembered that only the number of occurrences is averaged
but not the cloud base and top. Left panel of Figure 5.10 depicts the latitudinal
distribution of zonal mean occurrences of cloud bases of one, two, three, four and
five layered clouds and the right panel shows the respective tops for the winter
season of 2007. The striking feature of the one layered cloud base latitudinal
distribution shown in Figure 5. 10 is the high occurrence of very low level clouds
with base ranging from 0.25 to 1 km over both Southern and Northern mid and polar
latitudes. However, the high occurrence of low level cloud base is spread over
several latitudes in the Southern hemisphere as compared to its Northern
counterpart. Over the Northern hemisphere midlatitude region around 40°-50°N,
one can notice the secondary maximum in the occurrence of cloud base altitudes
ranging from 3 to 6 km, which is not observed in the Southern hemisphere. Over the
tropics, the maximum occurrence of single layer cloud base takes place primarily in
three bands, 0.5-2, 4-5 and 10-15 km in the Southern hemisphere, where ITCZ

prevails during boreal winter and in the Northern hemisphere it is in the 0.5-2 and
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Figure 5.10: Left panel: The latitudinal distribution of zonal mean occurrences of
cloud base altitudes of one-, two-, three-, four- and five-layered clouds for the winter
season of 2007. Right panel: Same as left panel but for cloud top altitudes.
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12-15 km range. The cloud top occurrence corresponding to the single layered
clouds is shown in the Figure 5.10 b, which confirms that the most of the clouds
observed over southern ocean and North Atlantic are indeed shallow clouds.
However, over Northern mid and polar latitudes the cloud tops occur over a very
wide band ranging from 1 to 10 km as compared to their southern hemispheric
counterparts. One can notice the latitudinal structure of the tropopause, which limits
the cloud top altitudes. The cloud tops occur in two bands [3-7 and 14-17 km] over
the tropics in Southern hemisphere and in one band in the Northern hemisphere
[14-17 km]. Even though, we can roughly infer the cloud type using their base and

top altitudes, we restrict our discussion to their base and top altitudes.

Figure 5.10 (c) and (d) shows the latitudinal distribution of zonal mean occurrence
of base and top altitude of two layered cloud for the boreal winter of 2007. It is to be
remembered that the base and top of all the two layered clouds, which is present in
all the multilayer cloud regimes namely two, three, four and five layered clouds are
considered here. From this Figure, it can be noted that the two layered cloud bases
exhibit similar distribution over mid and polar latitudes of both the hemispheres,
which ranges from ~3 to 10 km. Over the tropical latitudes, the Southern
hemisphere shows relatively more number of occurrence of two layered cloud base
in the 9- 15 km band and spread over 0°-20°S latitudinal band whereas in Northern
hemisphere it is limited to 0°-5°N. The latitudinal distribution of cloud top altitude
shown in Figure 5.10 (d) also exhibit similar features as cloud base altitudes except
that their altitudes are higher. It is interesting to note that the cloud top altitudes
reach as high as 17 km in the tropics. Again, one can notice the latitudinal structure
of tropopause pronounced in the latitudinal distribution of cloud top altitudes. The
latitudinal distribution of base and top altitudes of three, four and five layered clouds
also shows the similar structure of two layered cloud and are shown in the Figure
5.10 (e-j). The base altitudes of three layered cloud are in the range of 5-12 km over
the mid and polar latitude of both the hemisphere and it is in the range of 12-16 km
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Figure 5.11: Same as figure 10 but for boreal summer of 2007.
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in the Tropics. The cloud top altitudes of three layer clouds is also in slightly higher
range as compared to their bottoms as shown in Figure 5.10 f as expected. However,
the four layered cloud occurrences are limited to tropical and midlatitudes and the
five layered cloud occurrence is limited to tropical latitudes only. As mentioned
earlier the occurrence of multilayer clouds are relatively more and spread over
wider latitudinal band in the southern hemispheric tropical latitudes as compared to
the Northern hemisphere, which can be attributed to the position of ITCZ during the
boreal winter. Similar latitudinal distributions during the boreal summer of 2007
were carried out and are shown in Figure 5.11 (a-j). The summer time latitudinal
distribution of base and top altitudes of various clouds exhibit similar features as
that of winter time distribution except that the maximum occurrence shifts to
Northern hemisphere from Southern hemisphere along with the position of ITCZ.
Thus for the first time, the cloud base and top altitudes of multilayer clouds
segregated into different layers are brought out using CloudSat and CALIPSO
observations. The frequency distribution of vertically resolved multilayered clouds
and their base and top altitudes discussed in the present study will have profound
implications in investigating the role of clouds in radiative forcing of the atmosphere
as well as in the general circulation. At this juncture, where one of the largest
uncertainties in the present day climate models is thought to be the representation
of vertically resolved clouds and their feedback, the results presented here assumes

its significance.

5.9 Summary

For the first time, the frequency of occurrence vertically resolved multilayer clouds
across the globe has been established using 4 years of CloudSat Auxiliary product
2BGEPOROFLIDAR. This merged CloudSat and CALIPSO product can resolve cloud
layers up to five. After gridding the observations into 2.5° x 2.5°, they were
segregated into four seasons. Four years mean global distribution of one, two, three,

four and five layered clouds are constructed and discussed in details. Interesting

143



Chapter 5 Multi-layered cloud distribution

features such as very high frequency of occurrence of single layer clouds over
Southern Ocean, midlatitude storm tracks, west coast of South America and South
Africa and their association with largescale circulations are discussed. The signature
of descending branches of Hadley cell is very clear in multilayered cloud distribution
maps as compared to that of single layered cloud distribution. Three regions over the
equator [South America, Central Africa and Indonesia] are identified where more
frequently multilayer clouds occurs. These regions coincide with the ascending limbs
of Walker circulation. It is also observed that the maximum occurrence of multilayer
clouds migrates along with the movement of ITCZ. Apart from the equatorial region,
multilayer clouds are observed more frequently over Indian summer monsoon
region and midlatitude storm tracks. On an average over the globe it is observed that
one, two, three, four and five layered cloud occur at 53, 20, 3.5, 0.4 and 0.04 %
frequency respectively. These global maps of frequency distribution of various cloud
layers provide much needed information on where and when the multilayer clouds
are observed more frequently including the number of layers. After constructing the
frequency distribution, further the occurrence of multilayered clouds is quantified in
terms of zonal mean frequency of occurrence. It is noted that the zonal mean
latitudinal distribution of single layer cloud exhibits two peaks, whereas two, three
and four layered clouds show three peaks. Thus, for the first time the global
distribution of multilayered clouds and their association with largescales circulation
are brought out using 4 years of CloudSat and CALIPSO observations. Further zonal
mean frequency of occurrence of cloud as and top is constructed. The cloud top
altitude distribution of various clouds exhibited the signature of latitudinal structure
of tropopause as expected. These are the first latitudinal distribution of vertically
resolved multilayer cloud base and top altitudes estimated using space based active
remote sensing observations, which can be used to verify the outputs of climate
models as well as can be used to quantify the role of vertically resolved clouds in

earth’s radiation budget and global circulation.

144



Chapter 6 Spatial distribution of latent heating

Chapter 6

Spatial distribution of latent heating
and their association with cloud types
over the Indian Summer Monsoon

region

“Clouds brings thunder and rain,
And also leaves its hidden energy,
To do work as Sun’s do”

6.1 Introduction

The latent heating (LH) is the energy liberated or absorbed in the atmosphere by
the phase transition from water molecule via vapour to liquid; vapour to solid
and vice versa and it plays a pivotal role in controlling the Earth’s atmospheric
dynamics. Also, it accounts for three fourth of total heating in the Erath’s
atmosphere (e.g., Riehl and Malkus, 1958). Latent heat plays a major role in
driving and modulating atmospheric circulation on various temporal and spatial
scales that is from mesoscale to synoptic and planetary scales (e.g., Nigam et al.,
2000). It is now well established that the latent heat released in clouds is the
secondary source of energy for driving the atmosphere, the Sun being the
primary. The vertical distribution of latent heating in the atmosphere is also
associated with vertical energy transport throughout the troposphere [Houze,
1982]. The dynamics of the tropical atmosphere strongly depends on the both
vertical and horizontal distribution of latent heating [e.g., Yanai et al, 1973].
Variations in the height of the heating peak have significant implications for

large-scale circulations in the atmosphere [e.g, Nigam et al., 2000]. For example,
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Schumacher et al. [2004] show that geographical and temporal variability in
convective and stratiform rain fractions, both of which have different vertical
heating distributions, plays an important role in shaping the structure of the
large-scale tropical circulation response, thus stressing the importance of
accurate estimates of the temporal and three-dimensional variability of latent
heating. Studies have shown that improved vertical distribution of latent heating
allow a better representation of tropical east-west circulation (e.g., the walker
circulation) by models other than those using simple heating functions, such as
Webster [1972] and Gill [1980]. Thus, correct assessment of the vertical
distribution of heating will lead to better simulations of the large-scale circulation
structures. Determining this latent heating distribution is difficult because
heating cannot be directly measured. Yanai et al. [1973] described atmospheric
heating and the latent heating contribution involving Q: and Q2 which are
residuals of heat and moisture budgets of the resolvable motion, respectively.
However, TRMM observations provide the distribution of latent heating in the
tropical regions. It is well known that the different cloud types shows a different
radiative properties and LH, which differs largely. Individual cloud types have the
different microphysical properties such as liquid water contents and releases
different LH forcing to the atmosphere, which will further modifies the
background environment. This heating further associated with vertical energy
transport with respect to various horizontal scales of precipitating cloud systems

and their types (Houze, 1982).

There have been a large number of seminal studies in the past focusing on the LH
distribution using TRMM measurements [e.g.,, Tao et al, 2006 and reference
therein]. These studies were mainly investigated the nature of LH with respect
different geographical regions and their interaction with the large-scale
background environment [e.g.,, Hartmann et al., 1984; Schumacher et al., 2004].
But there were not much studies especially on the LH associated with various
cloud types over the ISM region. Establishing an accurate horizontal and
altitudinal structure of LH is utmost important to better understanding and

forecasting climate variability in general circulation models. Therefore, the
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information on the LH of various cloud types is important to simulate the
different dynamical response in atmospheric climate models at regional and
global-scales. It is understood that the spatial and diurnal variation of vertical
distribution of LH is an important thermal forcing, especially with respect to ISM
region, where the deepest convective clouds occur and releases a large amount of
LH into the atmosphere. To understand the cloud feedback mechanism in totality,
the LH of various cloud types would be useful along with other cloud properties.
As the ISM serves as natural laboratory for studying the clouds and their
microphysics, an attempt is made to explore the latent heat distribution over this
region using 16 years of TRMM observations. The main focus of the present
chapter is the vertical structure of latent heating derived from TRMM and its
spatial and temporal distribution over the ISM region. Further, an attempt is
made to associate the observed vertical structure of LH to the individual cloud

types during the ISM season.

6.2 Data and methodology

As discussed in the chapter 2, the TRMM measures the vertical profiles of latent
heat by employing the vertical profile of rain rate and a cloud resolving model.
There are few algorithms (such as CSH, GPROFH, HH, PRH and SLH) for retrieving
the latent heating from TRMM observations. In the present study, we use 16
years of (1998 to 2013) Spectral Latent Heating (SLH) data (SLH-L3-V2) to
investigative the vertical structure of latent heating. This dataset uses the TRMM-
precipitation radar measurements and a cloud resolving model (CRM) generated
look-up table for both land and oceanic regions over the tropics [Shige et al.,
2004]. The information taken from TRMM include convective and startiform
classification, cloud height, surface rain rate and more. In addition, there are
separate look-up tables for convective and shallow startiform regimes based on
precipitation cloud top height. Time-mean spatial distribution of vertically
integrated latent heating is estimated over the ISM region for the present study.

Further, zonally averaged latitudinal height distribution of LH is also estimated.
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6.3 Spatial distribution of latent heating over the Indian summer monsoon

region

Figure 6.1 (a & b) shows the sixteen years(1998-2013) mean climatological
distribution of rainfall over India during winter [December, January, February
(DJF)] and summer [June, July, August(JJA)], respectively derived from the TRMM
observations. From figure 6.1(a) it is evident that the Indian region is very dry
during DJF and relatively more rain fall is observed over equatorial Indian Ocean,
especially at 100S latitude. However, owing to the presence of ISM, large amount
of rainfall occurs during JJA over Western Ghats, Foot hills of the Himalayas and
the Eastern Bay of Bengal. Thus, figure 6.1(a & b) depicts the typical
climatological mean rainfall over the ISM region and shows its major features.
Figure 6.1(c) & (d) shows the vertically integrated latent heating (K/hr) over the
ISM region for the period 1998-2010 during DJF and JJA, respectively. The most
noticeable feature during JJA is higher LH values over the BoB, the equatorial
Indian Ocean and over Indo-Gangetic Plane (IGP) regions. Another interesting
feature is the LH pattern over monsoon trough region, which show relatively
large magnitudes as shown in figure 6.1(d). During DJF, the higher LH values
found to be over eastern Equatorial Indian Ocean, which is the location of ITCZ,
where the deep convection prevails during that season. The major difference in
spatial distribution of LH during DJF and JJA is due to the migration of ITCZ. The
ITCZ migrates northward from January to September and drifts back to equator
ward between October and January. Thus primarily, movement of ITCZ is
responsible for the observed latitudinal pattern in the intergraded LH
distribution over the ISM region. The LH released within this zone drives large-
scale circulation in the atmosphere as well as modulates the monsoon circulation.
Four regions are identified from figure 6.1 (d), where large amount of latent heat
is released during the ISM. These regions are BoB, Arabian Sea (ARB), Central
India (CI) and Western Ghats (WG). Figure 6.2 shows the 16 year mean vertical
profiles of LH over the BoB, ARB, CI and WG, respectively. The observed vertical
structure of LH is very similar over BoB and CI, which peaks at ~ 7km. But, the LH
magnitudes are slightly larger over BoB than CI region, because BoB experience a
strong presence of deep convection which releases large amount of latent heating
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in the atmosphere. Over the ARB and WG regions, the LH vertical structure is
mainly associated with shallow convective clouds and thus LH profiles peaks at ~
2 km height over both the regions. It is also interesting to note that the vertical
structure of LH exhibits a bi-modal distribution over BoB and CI regions. The
latent heating associated with deep convection is positive thought out the
troposphere and it peaks around mid-tropospheric level (~ 6-7 km height) as
seen over the BoB and CI regions. The heating associated with shallow convection
is positive and peaks at lower tropospheric heights as observed over the ARB and

WG regions [Subrahmanyam and Kumar, 206].
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Figure 6.1: Thirteen year mean rainfall (mm/day) during (a) DJF and (b) JJA and
vertically integrated LH (K/hr) for (c) DJF and (d) JJA over ISM region.
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Figure 6.2: Mean vertical profiles of LH over the BoB, ARB, CI and WG.

6.4 Vertical structure of latent heating during Indian summer monsoon
region

Figure 6.3 shows the zonally averaged (609-90° E) diurnal variability of vertical
distribution of LH with latitude during ISM period. The increase in LH magnitude
with latitude is clearly seen in figure 6.3 from 00 LT to 15 LT. These spatial and
vertical structure evolutions of LH can be used as a proxy of convective
organization. The observations shown in figure 6.3 suggest the northward
propagation of convective activity over these latitudes (Raut et al.,, 2009). The
largest amount of latent heating is found during 12 and 15 LT at 20-259 N
latitude, which corresponds to CI region. It is reported in the past that the
convective activity over the land region during ISM peaks during late afternoon
hours (Wallace, 1975; Gray and Jacobson, 1977; Dai and Desser, 1999; Dai and
Trenberth, 2004; Dai, 2006; Subrahmanyam and Kumar, 2013). Most of the LH is
confined within the mid troposphere. However, there are few vertical structures,
which show significant LH up to 15 km altitude. These structures are appearing
as vertical streaks in figure 6.3. Thus this figure captures the salient features of
LH at diurnal scales over the ISM region. Further, to study the sub-regional
characteristics of diurnal evolution of latent heating over the four study regions,

the temporal and vertical distribution of latent heating are examined. Figure 6.4
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(a-d) shows the diurnal evolution of vertical structure of LH over the BoB, ARB, CI
and WG regions, respectively. This representation provides better insights into
the diurnal evolution of vertical structure of LH over the study regions. From
figure 6.4, it can be readily noted that the diurnal variability of LH over land and

oceanic regions is different [Subrahmanyam and Kumar, 206].
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Figure 6.3: Zonally averaged (60-90°E) diurnal variability of vertical distribution
of LH (in K/hr) during JJA.
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Figure 6.4: Diurnal variability of vertical structure of LH over BoB, ARB, Cl and
WG regions respectively during JJA.

The LH exhibits a broad peak during afternoon to late- afternoon over BOB with
secondary peak during mid-night to early morning hours. Over the ARB, LH peaks
during mid-night to early morning hours with a secondary peak during afternoon
hours. However, the LH magnitudes are relatively lower over AEB as compared to
the BoB region. The LH release over land regions are of specific interest to many
previous studies because of their large magnitudes. Over CI, the LH peaks during
the late afternoon hours and the large amount of latent heating occurs at an
altitude of ~ 7 km. The maximum latent heating over Cl is as strong as that of the
BoB. The WG region has unique latent heating feature compared to other regions.

Over the WG, LH peaks at mid-night hours and there seems to be uniform
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secondary peak during other local times of the day. The LH magnitudes over WG
are relatively lower as compared to all other study regions. Being a coastal
region, WG exhibits a different LH structure as compared to other regions. The
maximum magnitude of LH occurs at ~00-01 LT at 5 km height level over WG.
Over all, shallow convection dominates over the ARB and WG region, which
results in lower magnitudes of LH. Over BoB and CI, deep convection dominates
and releases large amount of LH. The peak time of these regions are associated
with the development of convective systems and prevailing dynamics. The
diurnal evolution of LH over different parts of ISM plays a vital role in controlling

the background dynamics and thus the advancement of the monsoon itself.

6.5 Vertical Structure of latent heating and their association with various
cloud types

As discussed earlier, the latent hating of the atmosphere depends on the cloud
type. In this regard, an attempt is made to associate the observed LH structure to
various cloud types in the present study. Figure 6.5 shows the CloudSat cloud
classification and corresponding TRMM reflectivity as well as vertical profile of
LH on 8th September 2006. These observations of CloudSat and TRMM are near
simultaneous. From figure 6.5 (a), it is evident that the deep convective clouds
are present in the CloudSat observations with cirrus and altostratus clouds as
anvils. The cloud top of the observed deep convective system is extending beyond
14 km, The TRMM-PR observations shows the reflectivity values corresponding
deep convective cloud. As discussed in Chapter2, the CloudSat signal are
attenuated in heavy precipitation conditions, whereas TRMM-PR signals are not
sensitive to non-precipitating clouds. Figure 6.5 clearly demonstrates this aspect.
The LH profile correspond to deep convective cloud is shown in figure 6.5 (c),
which corresponds to solid black line in figure 6.5 (a). The LH is positive
throughout the troposphere and negative at below 1 km, which results due to the
evaporative cooling. The LH profile is peaking at ~5 km with a peak magnitude of
~4.2 (K/hr). This LH profile is thus corresponds to the deep convective clouds
and similarly, it is envisaged that the various cloud types will be having different
shape of LH profiles. However, it will be a difficult task to segregate the near-
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simultaneous profiles of TRMM and CloudSat to quantify the observed LH profiles
in terms of cloud types. In the present study, results obtained in chapter 3 are
used to accomplish this task. In chapter 3, we have identified regions, where
consistently particular type of clouds forms. For example, over Arabian Sea, there
is a region where consistently Stratocumulus clouds from. Over BOB and CI
region the deep convective clouds dominate along with Cirrus clouds. The regions
where particular type of clouds predominantly formed is thus identified and the

LH released over these regions are attributed to that cloud type.
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Figure 6.5 (a): CloudSat cloud classification (b) Co-located TRMM reflectivity and
(c) corresponding vertical profile of latent heating on 8th September 2006.

Figure 6.6 shows the percentage of occurrence of various cloud types over the
study regions of BOB, ARB and CI. The dominant cloud types are highlighted in
the figure. It is to be noted that, over most part of the Indian region during
summer monsoon, the Cirrus clouds will be dominating as discussed in chapter 3.
In figure 6.6, though Cirrus cloud is most dominating over CI, the DC is
highlighted as the LH released in DC is relatively larger than that of Ci. Thus the
vertical profiles of LH observed over BOB and CI can be attributed to DC clouds

whereas those observed over the ARB can be attributed to Stratocumulus clouds.
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This is consistent with the LH profile shown in figure 6.2 over the study region.
Over ARB Sea owing to the shallowness of the Stratocumulus clouds, the LH
profile peak in the lower atmosphere whereas over CI and BOB, where DC cloud
are dominant, the profiles peak in the mid-troposphere. Thus by identifying the
dominant cloud types over a given region, the vertical structure of LH over that
region can be attributed to particular type of clouds. This is for the first time that
an attempt is made to investigate the vertical structure of LH with respect to

cloud types using CloudSat and TRMM observations.

@ @, ® o © g

20

121 r
20

-
[}
|

| 10/

15

10+

()]
|

Percentage of Occurrence
—
[—]

Ci As Ac Sc CuNbgDC|
Cloud Type

Ci As Ac Sc CuNb
Cloud Type

Cloud Type

Figure 6.6: The percentage of occurrence of various cloud types over the BoB,
ARB, and CI regions, respectively.

After investigating the vertical structure of LH and their association with various
cloud types, an attempt is made to study their interannual variations. Figure 6.7
(a-b) shows the interannual variation of LH associated with DC cloud over BoB
and CI, respectively. From this figure, it is evident that over both the regions the
LH peaks around ~ 7km with a broad peak extending from 6-9 km. Over the BOB,
a secondary peak can be observed in the lower troposphere between 2-4 km,
which shows large interannual variability. Over the CI, though there is a
secondary peak in the lower troposphere, it is not very consistently observed as
in the case of BOB. Over both the study regions, LH magnitudes are relatively low

in the 4-5 km altitude region which corresponds to melting layer. At melting layer
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Figure 6.7: The interannual variation of vertical structure of LH associated with

DC over (a) BoB and (b) CI.

which occurs at 00 isotherms, the ice melts in to water and thus absorbs the latent

heat from the atmosphere and thus provides cooling effect. The melting of ice at

4-5 km lowers the magnitude of LH as shown in figure 6.7. One more interesting

feature that can be observed from figure 6.7 is the lack of co-variation of LH over

the two regions. For example, the peak LH occurs during the year 2002 over the

BOB, whereas peak occurs during 2006 over CI. As discussed earlier, large

amount of LH released in DC clouds are very important to understand the

advancement of ISM and prevailing dynamics.
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Figure 6.8 shows the interannual variability of vertical structure of LH associated
with Stratocumulus clouds over the Arabian Sea. The relatively large LH is
confined to lower troposphere below 2 km and there is considerably interannual

variability. The peak LH is observed during the years 1999 and 2000.
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Figure 6.8: Same as figure 6.7 but for Stratocumulus clouds over ARB.

The interannual variability of LH associated with other clouds is also studied.
However, as there are no distinct regions dominated by these clouds as in the
case of DC and Sc, the observed LH couldn’t be associated with the particular
cloud type. The present study thus brought out the overall LH during the ISM
region and attempted to associate the observed LH to particular cloud type. The
significance of the present study lies in establishing the vertical structure of LH
associated with various type of clouds, which will be helpful in better
understanding and predicting the climate variability in GCMs and also important

to elicit the different dynamical response of LH in climate models.
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6.6 Summary

The spatial and temporal variability of latent heating distribution over the ISM
region using 13 years of TRMM observations is investigated. The spatial and
temporal distribution shows large amount of LH over specific regions such as the
foot hills of Himalayas, the IGP and the BoB regions during ISM period. The
vertical structure of LH over the ISM is also investigated. The LH variability at
four regions of ISM Viz., BoB, ARB, CI and WG regions are further studied. Over
the BoB and CI regions, vertical structure of LH is associated with the strong
presence of deep convection which releases large amount of latent heat in the
atmosphere, whereas over the ARB and WG the observed LH is attributed to the
shallow convection. The observed profiles of latent heating over the ISM region
showed large spatial and temporal variability in the magnitude reflecting the
presence of organization of convection on mesoscale. The temporal variability of
vertical structure of LH showed northward propagation of convective activity
over the ISM during JJA period at diurnal scales. It is observed that the diurnal
cycle of LH is more pronounced over CI (land) compared to the BoB and ARB
regions. It is also observed that the LH peaks during mid-night to early morning
over oceanic region (BoB and ARB) and during late afternoon over land region
(CI). An attempt is made to associate the observed vertical structure of LH to the
particular cloud type. Thus the present study brought out the 13 year mean
spatial and vertical distribution of LH over the ISM region. The LH distribution

and its role in driving the circulation will be carried out in near future.
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Chapter 7

Summary and Future scope

This chapter presents the summary of the major results and conclusions derived
from the present study and the scope for future research based on them. The
present thesis focused on the major gap areas in the realm of cloud research viz,
three-dimensional distribution of various cloud types including multi-layered
clouds and associated dynamics over the Indian and surrounding Oceanic region

with emphasis on the following objectives,

1. To investigate the role of dynamics in three dimensional distribution of
cloud types during the Indian summer monsoon

2. To study the composite distribution of cloud types in Tropical Cyclones
formed in the North Indian Ocean surrounding the Indian region

3. To study the vertically resolved multi-layered clouds and associated
dynamics

4. To study the spatial distribution of latent heating in precipitating clouds
and to associate their vertical structure with various cloud types during

the Indian summer monsoon

7.1 Summary of the major results and conclusions:

Overview to Earth’s atmosphere with an emphasis on clouds and their myriad
role in weather and climate are presented in Chapter 1. The classification of
various cloud types, characteristics, measurement techniques, importance of
cloud distribution over the globe with emphasis on Indian subcontinent and the
major gap areas in realms of cloud studies are provided in this Chapter. Details of
the various satellite observations and the methods used for the data analysis are

presented in Chapter 2. The primacy satellite data used in the present thesis is 5
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years (2006-2010) of CloudSat-CPR observations for investigating the three-
dimensional distribution of various cloud types over the ISM region. The CloudSat
2B GEOPROF-LIDAR data are used to study the distribution of multi-layered
clouds and TRMM-SLH observations were used to study the spatial and vertical
structure of latent heating over the ISM region. The ERA-Interim reanalysis data
fields are used to study the background dynamics over the ISM region. A detailed
description of CloudSat, TRMM and ERA-Interim reanalysis datasets along with

their limitations are also provided in this Chapter.

Chapter 3 brought out the three-dimensional distribution of various cloud types
in terms of their frequency of occurrence for the first time using five years (2006-
2010) of CloudSat observations over the ISM region. The mean distribution of
cirrus (Ci) clouds emphatically showed the role of Tropical Easterly Jet in
spreading the anvils of deep convective (DC) clouds forming over the Head Bay of
Bengal (BoB). These clouds are most frequently observed over the Indian
peninsula, south BoB and Indian Ocean. It is observed that the stratocumulus (Sc)
clouds form most frequently over the north Arabian Sea and are confined to a
narrow region. The confinement of Sc clouds over the Arabian Sea is attributed to
the presence of thermal inversion in the lower troposphere, which inhibits the
vertical development of clouds. Besides this, strong mixing of dry air coming from
the Arabian Desert further limits the vertical development of clouds over the
Arabian Sea. The prevailing dynamical features during the ISM period seem to be
playing a key role in the formation of these clouds over the Arabian Sea. It is also
observed that altocumulus (Ac) clouds form preferentially over Indian landmass
and altostratus (As) clouds over BoB. The mean distribution of cumulus clouds
showed three distinct peaks over the Tibetan Plateau, western coast and
equatorial Indian Ocean. The distribution of DC clouds, which are very important
from a hydrological standpoint, showed a pronounced peak in their occurrence
frequency over Head BoB and secondary peaks over Western Ghats, south BoB
and central India. The diurnal variations in frequency of occurrence of all these
clouds are also studied using day- and night-time observations of CloudSat. The

interannual variations of all these clouds are discussed, and it is observed that the
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region over which a particular cloud occurs is consistent from one year to
another. The mean vertical distribution of all the cloud types over the ISM region
is also constructed using all the observations. The vertical structure of DC clouds
showed interannual variations, which are consistent with the India summer
monsoon rainfall observations during the study period. The present results thus
brought out the three dimensional distribution of various cloud types over ISM
region and identified the preferential regions for the formation of particular
cloud type and associated dynamics. It is envisaged that the results discussed in
this chapter will be helpful in quantifying the feedback of an individual cloud type
to the ISM.

The three dimensional cloud type distributions over the tropical cyclones are
investigated using CloudSat observations during the years 2006 to 2014 are
presented in Chapter 4. A total number of 25 tropical cyclones (8 in Arabian Sea
and 17 in Bay of Bengal) observed by CloudSat are analysed to construct the
composite vertical structure of cloud type distribution. The cloud type
distribution reproduced many of the known tropical cyclone features such as the
DC clouds at the eye walls, Ci cloud anvils and cloud free zones between the inner
and the outer rain bands known as Moat in the lower troposphere. It is found that
the DC clouds are always accompanied by As and Ci clouds and their peak
frequency of occurrence is ~ 50 % at ~50-100 km radial distance from the
cyclone’s eye. It is also observed that the DC clouds extend up to ~ 16 km near to
the eye and their top altitudes decrease gradually as a function of radial distance
from the eye of cyclone. The Ci cloud distribution showed a peak frequency of
occurrence of 30% (at ~14-15 km altitude) at around ~200 km radially from the
eye. The peak in Ci clouds is observed right next to the peak in the DC clouds
indicating that Ci clouds form from the outflows of the DC clouds. However, the
distribution of As clouds showed some discrepancy with respect to the present
understanding of these clouds. This is probably due to CloudSat classifying the
upper portion of the slanted DC cloud as As clouds. One more envisaged
possibility is that the transition region between the DC and their outflows may

also be classified as As clouds by the CloudSat algorithm. The Sc clouds are
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observed in the center of cyclone as their vertical growth is inhibited by the
downdrafts induced by the adjacent DC clouds, which limit their cloud top height
to ~ 2.5 km. The Cu clouds are observed in the shadows of the DC cloud outflows
and the significant amounts of these clouds are seen as far as ~ 600 km radially
from the center of the eye. Most frequently, the Sc and Cu clouds are observed
adjacent to each other in the present study. It is found that there are distant
regions showing the peak in frequency of occurrence of various clouds embedded
in the cyclone. The present study thus brought out the three-dimensional
distribution of cloud types and associated dynamics in and around tropical

cyclones.

Chapter 5 examined the frequency of occurrence of vertically resolved multilayer
clouds across the globe for the first time using CloudSat observations. Four years
(2007-2010) mean global distribution of one, two, three, four and five layered
clouds are constructed and discussed in details in this Chapter. Interesting
features such as very high frequency of occurrence of single layer clouds over
Southern Ocean, midlatitude storm tracks, west coast of South America and South
Africa and their association with large-scale circulations are discussed. The
signature of descending branches of Hadley cell is very clear in multilayered
cloud distribution maps as compared to that of single layered cloud distribution.
Three regions over the equator (South America, Central Africa and Indonesia) are
identified where more frequently multilayer clouds occurs. These regions
coincide with the ascending limbs of Walker circulation. It is also observed that
the maximum occurrence of multilayer clouds migrates along with the movement
of ITCZ. Apart from the equatorial region, multilayer clouds are observed more
frequently over Indian summer monsoon region. On an average, over the Indian
region single-, double-, triple-, four- and five-layered cloud occur ~ 46%, ~ 26%,
~ 10%, ~ 4% and ~ 2%, respectively. The prevailing dynamics over the Indian
region during ISM period play a crucial role in the formation of multi-layered
clouds. After constructing the frequency distribution, further, the occurrence of
top and base of multi-layered clouds is quantified in terms of zonal mean

frequency of occurrence. Thus, the global distribution of multilayered clouds and
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their association with large scale circulation are brought out using four years of
CloudSat and CALIPSO observations. Further zonal mean frequency of occurrence
of cloud base and top is constructed for multi-layer clouds. The cloud top altitude
distribution of various clouds exhibited the signature of latitudinal structure of
tropopause as expected. These are the first latitudinal distribution of vertically
resolved multilayer cloud base and top altitudes estimated using space based
active remote sensing observations, which can be used to verify the outputs of
climate models as well as can be used to quantify the role of vertically resolved

clouds in earth’s radiation budget and global circulation.

Chapter 6 investigated the spatial and temporal variability of Latent Heating
(LH) distribution over the ISM region using 13(1998-2013) years of TRMM
observations. The spatial distribution of LH showed large amount of LH during
ISM period over specific regions such as the foothills of Himalayas, the Indo
Gangetic Plane (IGP) and the BoB regions. The temporal variability of vertical
structure of LH showed northward propagation of convective activity over the
ISM during JJA period at diurnal scales. The diurnal cycle of LH is more
pronounced over Central India (CI) (land) as compared to the BoB and Arabian
Sea (ARB) regions. It is observed that the LH peaks during mid-night to early
morning hours over oceanic region (BoB and ARB) and during afternoon over
land region (CI). However, it is observed that the diurnal cycle of LH over the BoB
shows two peaks, one during the midnight-early morning hours and another
during the late afternoon. Further, the observed vertical structure of LH is
associated with various cloud types using the results obtained from CloudSat
observations. The LH profile over the DC dominant regions shows a broad
distribution with bimodal structure over the BoB & CI regions with peak value
around 7 km. The LH profile associated with Sc and Cu dominant regions show
peaks at lower levels over ARB and WG regions. The significance of the present
study lies in constructing the vertical structure of LH in the regions dominated by

DC, Sc and Cu cloud types over the ISM region.
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7.2 Future Scope

The significance of the present study lies in establishing the thee-dimensional
distributions of various types of cloud over the Indian region and the distribution
of multi-layered clouds. The dynamics associated with formation of various types
of cloud and multi-layered clouds are discussed in the present thesis. Further, the
vertical distribution of latent heating also investigated over the Indian region.
Based on the present results, the following studies will be taken up in near future
to strengthen our understanding on cloud types and associated dynamics.
Emphasis will also be given on the modelling aspects of clouds and their role in
driving the mesoscale circulation. Listed below are the topics for future

investigations:

1. The present study brought out the distribution of various types of cloud over
the Indian region. However, simultaneous occurrences of various types of
clouds are not explored, which will have different radiative impact on the
atmosphere. Therefore the information on the preferential co-occurrence of
various cloud types and their associated dynamics are required for complete
understanding of cloud type feedback mechanisms in totality. This study will
be taken up in near future using CloudSat observations.

2. The present thesis studied the vertical distribution of precipitating latent
heating and its association with various types of cloud over the Indian region.
But its impact on the background atmosphere is not addressed in the present
thesis. It is important to study the role of latent heating, especially, in driving
the circulation at mesoscales. This study will be taken up using Doppler
Weather Radar observations along with reanalysis wind fields.

3. The present study brought out the vertical distribution of various cloud types
in the Tropical cyclones. Once the cyclone is formed, further intensification
and its movement depend on the latent heat released in the clouds embedded
in them. The latent heat released in clouds modifies the internal dynamics of
the cyclone and the dynamics in turn dictates the cloud distribution within

the cyclone. So, it becomes important to study the latent heating and their role

164



Chapter 7 Summary and Future scope

in modifying the dynamics of Tropical Cyclones. The objective of this study
can be achieved using TRMM observations and reanalysis datasets.

4. All the results presented in this thesis are contributing to better
understanding of the cloud types, which in turn aids in better representation
of clouds in climate models, which predicts the future of the earth’s climate.
However, the capabilities of climate model outputs in simulating the vertical
structure of clouds and their feedback to the background atmosphere should
be evaluated. The results obtained from the present analysis can be used to

evaluate the climate model outputs on clouds and be taken up in future.
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Abstract. The three-dimensional distribution of various 1 Introduction

cloud types over the Indian summer monsoon (ISM) region

using five years (2006—2010) of CloudSat observations dur-

ing June-July-August-September months is discussed for th®Wing to its socioeconomic impacts, the Indian summer
first time. As the radiative properties, latent heat releasednonsoon (ISM) is one of the most investigated topics in the
and microphysical properties of clouds differ largely depend-reaims of meteorology. Many studies on the ISM by several
ing on the cloud type, it becomes important to know what researchers across the globe contributed constructively to the
types of clouds occur over which region. In this regard, thePresent understanding of this enigmatic large-scale system
present analysis establishes the three-dimensional distrib¥Vebster et al., 1998; Gadgil, 2003). Generally, itis believed
tion of frequency of occurrence of stratus (St), stratocumulughat the continental-scale land—sea thermal contrast is the ori-
(Sc), nimbostratus (Ns), cumulus (Cu), altocumulus (Ac), al-gin of large-scale monsoon circulation (Wallace and Hobbs,
tostratus (As), cirrus (Ci) and deep convective (DC) clouds1977). However, once the monsoon is set, its advancement,
over the ISM region. The results show that the various cloudMaintenance and withdrawal depends not only on the large-
types preferentially occur over some regions of the ISM, scale dynamics but also on the internal dynamics initiated
which are consistent during all the years of observations. 1Y the cloud systems embedded within the monsoon system.
is found that the DC clouds frequently occur over northeast! hese cloud systems over the ISM region modify the thermal
of Bay of Bengal (BoB), Ci clouds over a wide region of Structure and moisture budget of the troposphere by releasing
south BoB—Indian peninsula—equatorial Indian Ocean, andatent heat, modifying the radiative heat, and through precip-
Sc clouds over the north Arabian Sea. Ac clouds preferenjtation. Thus the clouds are an important integral part of the
tially occur over land, and a large amount of As clouds areMonsoon system, and any attempt to understand the latter
found over BoB. The occurrence of both St and Ns cloudsshould include the detailed investigations on the former. Re-
over the study region is much lower than all other cloud alizing its importance, many attempts were made in the past
types.The interannual variability of all these clouds includ- to study the cloud distribution over the ISM region (Gross-
ing their vertical distribution is discussed. It is envisaged thatman and Garcia, 1990; Laing and Fritch, 1993). Most of
the present study opens up possibilities to quantify the feegihese studies used passive remote sensing techniques and ar

back of individual cloud type in the maintenance of the ISM thus limited to f_raction of cloud cover over the ISM region.
through radiative forcing and latent heat release. However, Wonsick et al. (2009) focused on detailed study on

. . . cloud variability over the monsoon region in terms of total,

Keywords. Meteorology and atmospheric dynamics (tropi- |y high and convective cloud amounts throughout the dif-
cal meteorology) ferent phases of the monsoon. Very recently, Li et al. (2011)
accessed the radiative impacts of single- and multi-layered
clouds using A-Train observations. These results indicated

that the multi-layer clouds have a significant impact on ra-

diation budget and differ with that of single-layered clouds.

Thus it is important to know not only the amount of cloud
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cover but also its vertical distribution. For example, high- olution, CPR can probe optically thick large-particle lay-
level clouds tend to warm the climate, while low-level clouds ers. However, CPR is not sensitive to optically thin clouds
lead to a cooling effect (Ramananthan et al., 1989). Recentlysuch as high-altitude cirrus clouds. More details on Cloud-
Tang and Chen (2006), using the MODIS/Terra measuredsat can be found in Stephens et al. (2008). For the present
cloud properties dataset, investigated the characteristics aftudy, we use the 2B-CLDCLASS data product of version 5
clouds associated with the Asian summer monsoon. Thesever the ISM region (10S to 30 N, 5¢° to 100 E). In the
authors emphasized the distribution of low-, mid- and high-following section, we briefly discuss the cloud classifica-
level clouds and found that a large amount of high cloudstion algorithm, which was implemented in deriving the 2B-
exist in the Indian monsoon region. Thus it becomes impor-CLDCLASS product.
tant to know the three-dimensional distribution of the clouds. Wang and Sassen (2001) developed an algorithm to clas-
Apart from the total cloud amount and its vertical dis- sify clouds by combining the measurements of ground-based
tribution, one more important aspect of clouds is the cloudmultiple remote sensors. Further, Sassen and Wang (2008)
type. It is known that depending upon the cloud type, thedescribed the cloud cluster analysis for classifying clouds by
radiative properties, the latent heat released and microphysising vertical and horizontal cloud properties, the presence
ical properties of clouds largely differ. Chen et al. (2000) or absence of precipitation from both CloudSat and MODIS
investigated the radiative flux changes induced by the oc-observations along with ECMWF temperature profiles. The
currence of different cloud types using International Satel-present data product uses this algorithm for cloud type clas-
lite Cloud Climatology Project cloud data and a radiative sification. The cloud cluster analysis converts the vertical
transfer model. These authors emphatically showed that therofiles of reflectivity from CloudSat into meaningful mi-
cloud-type variations are as important as cloud cover in mod-crophysical data quantities and identifies the clouds based
ifying the radiation field of the earth—atmosphere systemon the cloud mask algorithm. The cloud clustering analy-
and further showed that the largest annual mean changes afs provides cloud horizontal and vertical extent features and
the global top-of-atmosphere and surface shortwave radiativeloud layer structure with significant CPR cloud mask val-
fluxes are produced by stratocumulus, altostratus, and cirrodes & 30). Further, classification of the cloud type is done
stratus clouds; whereas cirrus, cirrostratus, and deep convebased on microphysical properties, maximum reflectivity and
tive clouds cause most of the annual mean changes in theorresponding temperature at that level, cloud vertical and
global top-of atmosphere longwave radiative fluxes. Thus ithorizontal extent and the precipitating properties. Complete
becomes clear that, apart from the three-dimensional distridetails on the cloud classification algorithm can be found in
bution of cloud cover, it is important to have cloud type dis- the 2B-CLDCLASS product description documenthdip:
tribution to quantify the feedback provided by the clouds in /iwww.cloudsat.cira.colostate.edu/dataHome.pFpe max-
totality. imum number of cloud types provided by this product is
Even though there are studies on cloud distribution overeight: cirrus (Ci), altostratus (As), altocumulus (Ac), stratus
the ISM region, there are no studies focusing on cloud type(St), stratocumulus (Sc), cumulus (Cu), nimbostratus (Ns)
distribution. Sufficient knowledge of the spatial distribution and deep convective (DC) clouds (i.e., cumulonimbus). Out
of individual cloud types would aid the accurate radiation andof the eight clouds, Ns, St, Sc, Cu, Ac and Dc are catego-
latent heat calculations, which in turn would help in access-rized as precipitating clouds, and remaining clouds are non-
ing the role of clouds in the maintenance and advancemenprecipitating clouds. Further these clouds are classified into
of the ISM. So it becomes important to know which types high-, middle- and low-level clouds. This product is avail-
of clouds occur over which region. In this regard, a study isable as a function of latitude, longitude and altitude with the
carried out using five years (2006—2010) of CloudSat obsersame resolution as that of CPR. There have been attempts
vations during June-July-August-September (JJAS) monthgn the recent past to validate this product. The CloudSat Ed-
to establish the three-dimensional distribution of individual ucational Network (CEN), a primary education and public
cloud types over the ISM region for the first time. Section 2 outreach component of the CloudSat mission, collected vi-
provides the data and methodology. Results are discussed Bual observations of cloud type during the period of 2007—
Sect. 3, and Sect. 4 provides the summary. 2008 and compared the observed cloud types to those re-
trieved using the CloudSat 2B-CLDCLASS product. There
were 227 coincidental measurements of CEN and Cloud-
2 Data and methodology Sat within~ 100 km radius. The preliminary comparison has
shown 66 % agreement between the surface observers and
Five years of CloudSat observations during June-July-CloudSat observations (Rogers and Vane, 2010). Very re-
August-September months over the ISM region form the ba-cently, Behrangi et al. (2012) used the 2B-CLDCLASS prod-
sis for the present study. The cloud profiling radar (CPR) on-uct to study the vertical and horizontal distributions of the
board CloudSat operates at 94 GHz with cross- and alongeloud types across different seasons over the contiguous USA
track resolution of 1.4 and 1.7 km respectively, which is aand surrounding areas. In this study, the authors describe the
part of the A-Train constellation. Witk 240 m vertical res- 2B-CLDCLASS product in detail including their limitations:
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Fig. 1. Five-year (2006—2010) mean distribution of frequency of occurrence during JJ&$ Gf, (b) As, (c) Ac, (d) St, (e) Sc, (f) Cu,

(g) Ns and(h) DC clouds over the ISM region. Both day- and nighttime observations of CloudSat are used for the analysis. The mean
altitude provided at the top of the maps corresponds to the average of peak altitudes at which maximum frequency of occurrence is observed
over the study region (see text for more details).

(1) surface contaminations in the lower 3 to 4 range bins ofin each grid box provided the 3-D distribution of cloud types
CPR vertical reflectivity profiles will have implications in over the ISM region.

classifying St and Sc clouds, and (2) the CPR is not sensitive

to high-altitude thin clouds, which will have implications in

detecting the Ci clouds. Thus both these limitations will re-3 Results and discussion

sult in fewer detections of St, Sc and Ci clouds than actually _ _ ) )
present. One should keep these things in mind while interBY adopting the method described in Sect. 2, we quanti-

preting the observations. The second limitation can be overfi‘.ad the frequency Of_ occurrence of various cloud types, gnd
come by combining the CALIPSO observations. However, it F19- 18-h show the five-year (2006-2010) mean distribution
will be done in near future. of frequency of occurrence of Ci, As, Ac, St, Sc, Cu, Ns and
We have followed the following procedure to calculate the DC clouds over the ISM region during JJAS. Figure 1 con-
frequency of occurrence of each cloud type. (1) The obserains both daytime and nighttime observations of CloudSat. It
vations over the study region are grouped in®x2 2.5 grid has to be remembered th_at we have esti.mated the frequency
boxes. (2) The number of occurrences of each cloud type a8f occurrence at each gltltude bin and Fig. 1 corresponds to
a function of altitude is estimated in each grid box. (3) The the altitude where maximum frequency of occurrence of cor-
number of occurrences of each cloud type is then divided by'®SPonding cloud is observed. As the altitude at which max-
the number of occurrences of all cloud types at each altitude!Mum frequency of occurrence takes place differs from one
(4) Step 3 yielded the height profile of frequency of occur- grid box to another., we have taken the_mean _of the_se gltltudes
rence of each cloud type within each grid box. (5) From thesePVer the study region, and the same is provided in Fig. 1 as
height profiles, the altitude at which the maximum frequency M€an alt.|tude. From Fig. 1a it is evident that the distribution
of occurrence takes place is found for each cloud type for & Ciis highly concentrated over south Bay of Bengal (BoB),
given grid box. (6) The maximum frequency of occurrence Indlgn peninsula and Indian Ocean. During the ISM, the con-
at the altitude (provided by step 5) is then used to create th¥€ctive storms over most northern parts of BoB (known as
maps over the ISM region, which will be discussed in the héad BoB) produce copious amounts of Ci clouds (formed

next section. The height profiles of frequency of occurrencel™om the anvil of deep convective clouds), which are spread
over the ISM region by the strong Tropical Easterly Jet (TEJ)
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(Sathiyamoorthy et al., 2004). The maximum percentage otion growth and seems to be the prime reason for formation
occurrence of Ci cloud is- 30-35 %. As discussed in Sect. 2, of Sc clouds as observed in the present study.
the CloudSat underestimates the occurrence of Ci clouds as Figure 1f shows the frequency of occurrence of Cu clouds,
it is not sensitive to optically thin cirrus clouds. CloudSat which are relatively high over Tibetan Plateau region and the
observations over the ISM region are limited to two local western coast of southern India. A secondary peak can also
times per day. If there are any diurnal variations in par- be observed in Cu occurrence over equatorial Indian Ocean.
ticular cloud occurrence, it may bias the frequency of oc-Other than these regions, Cu occurrence frequency is very
currence estimations discussed here (however, an attempt isw over the study region. The distribution of DC clouds,
made to bring out the differences between the frequencies ofvhich are very important in both radiative and latent heat es-
occurrence of each cloud during day- and nighttime over thetimations as well as in precipitation over the ISM region, is
ISM region, which will be discussed later in this section). shown in Fig. 1h. Compared to other cloud types, the distri-
The Ci clouds are known for their role in radiative forcing, bution of DC clouds has been well documented over the ISM
and thus their unambiguous spatial distribution assumes itsegion (Grossman and Garcia, 1990; Laing and Fritsch, 1993;
importance. Figure 1b shows the distribution of frequencyHouze et al., 2007). From Fig. 1h, it can be noted that the
of occurrence of As clouds, which seem to occur preferen-DC clouds are highly concentrated in the northeast of BoB,
tially over BoB compared to over the Arabian Sea. Interest-a consistent feature reported by earlier studies (Zuidema,
ingly, occurrence frequency of As cloud is higher over oceans2003). A secondary peak in frequency of occurrence of DC
than over land in contrast to Ac cloud distribution shown in can be noted over the western coast of India and central In-
Fig. 1c, which frequently occur over land. The frequency of dia. These DC clouds produce large amounts of precipitation,
occurrence of Ac is found to be high over Bangladesh, Ti-and good or bad monsoon mostly depends on the distribution
betan Plateau region and uniformly distributed over the In-and frequency of occurrence of these clouds. Itis also known
dian landmass. The preferential occurrence of Ac over landhat the highest mean precipitation over the ISM region takes
is a relatively new observation and needs to be further invesplace over BoB, and thus the distribution of DC clouds be-
tigated in terms of microphysical processes associated witltomes very important not only from a hydrological stand-
Ac clouds. Frequency of occurrence of St and Ns clouds igpoint but also from a dynamical standpoint as large amounts
shown in Fig. 1e and g, respectively. From these maps it isof latent heat released in these system maintain the monsoon
evident that occurrence of these two clouds is very low com-circulation (Zuidema, 2003). The continental tropical conver-
pared to other cloud types over the study region. Especiallygence zone, which extends from the Indo-Gangetic Plain into
the occurrence of St clouds is almost non-existent over theéhe BoB, plays a key role in the development of DC clouds
ISM region. This can be to some extent attributed to the surby pumping the sufficient moisture into the atmosphere over
face contamination of CPR in the lower heights up-tt km. the north BoB. Thus Fig. 1a—h depict the five-year mean dis-
But, in the case of Ns cloud distribution, there is considerabletribution of various cloud types associated with the ISM, and
amount of occurrences over the Tibetan Plateau region. it is observed that dynamics plays a vital role in this distribu-
Frequency of occurrence of Sc cloud is shown in Fig. 1e,tion. As mentioned earlier, it is important to know what type
which readily reveals its maximum occurrence over the Ara-of cloud forms over which region to assess the feedback pro-
bian Sea region and also over equatorial Indian Ocean. It iwided by the clouds to the large-scale ISM. Figure 1 provides
interesting to note that the Sc clouds form scarcely over thehese details for the first time.
BoB. The spatial distribution of Sc clouds is also very cru- It is important to know the diurnal variation in occurrence
cial as it plays an important role in shortwave radiative forc- of cloud types, if any, as CloudSat observations cover only
ing resulting in cooling of the surface. The confinement of two local times over the ISM region. These satellites cross
Sc clouds over the Arabian Sea can be attributed to the dethe Equator at approximately 13:30 and 01:30 local times.
scending motion from monsoon convection apart from lowerOver the ISM region CloudSat observations are made at
tropospheric thermal inversion that occurs during the ISM~ 06:00-09:00 UTC (local day) and 18:00-21:00 UTC (lo-
period over this region (Sathiyamoorthy et al., 2011). Thecal night). The results depicted in Fig. 1 correspond to the
weak descending motions over the Arabian Sea during thenean of all the observations regardless of day or night. As
ISM period can suppress the vertical development of cloudsthe observations from CloudSat are available during both day
The strong winds over the Arabian Sea during the ISM periodand night, an attempt is made to evaluate the difference be-
can cool the sea surface by upwelling, which also can playjtween the day and night distribution of frequency of occur-
a role in suppressing the convection. Besides these reasongnce of various cloud types, and the same is shown in Fig. 2.
there is a strong mixing of dry air from Arabian Desert at We have generated the distribution maps similar to Fig. 1 for
around 650-500 hpa (figure not shown), which further dilutesboth day- and nighttime separately. The nighttime maps are
the vertical development of the convection over the Arabianthen subtracted from the daytime maps to obtain the differ-
Sea. Thus there are strong dynamical processes that prevahce between the two. The positive values in Fig. 2 indicate
over the Arabian Sea, which results in limiting the convec- that the particular cloud type occurrence is higher during the
daytime than during the nighttime. The firstimpression from
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Fig. 2. Same as Fig. 1 but for differences in frequency of occurrence during day- and nighttime.

this figure is that there is no coherent diurnal variation in 2006, 2007 and 2010, whereas the distribution of Ci is higher
occurrence of various cloud type except for DC clouds overover south BoB in 2008 and 2009. However, during all the
BoB. Again, the St cloud is underrepresented here. Most ofyears, one can notice the signature of TEJ in the distribution
the clouds show a diurnal variation 6f5 % in their occur-  of Ci clouds. Further, the distribution of Ci clouds depends
rence. However, there are pockets of isolated highs in diurnabn the distribution of DC clouds over head BoB, as a major-
variations as in the case of Ci clouds over the Indian Oceanity of Ci clouds over the ISM are formed from the outflow of
which show diurnal variation as high as 20 %. The DC cloudsDC clouds. The interannual variation of As clouds is shown
show ~ 15 % diurnal variations especially over BoB. With in Fig. 3b, which readily reveals that the distribution of these
these few exceptions, there is no notable diurnal variation irnclouds is limited to BoB during the years 2006, 2008 and
the occurrence of particular cloud types over the ISM region.2009, whereas it is observed over the Arabian Sea also dur-
Thus the five-year JJAS mean distribution of frequency of oc-ing the years 2007 and 2010. With an exception during the
currence of cloud types shown in Fig. 1 is not much affectedyear 2009, the distribution of As over the Arabian Sea seems
by the diurnal variations in cloud occurrence frequency asto exhibit the biennial oscillation. Figure 3c depicts the in-
CloudSat observations are available during both local dayterannual variation of Ac clouds; as discussed earlier, these
and nighttime as confirmed from Fig. 2. clouds preferentially form over land. There is a little inter-
One of the most complex problems associated with theannual variation in the Ac cloud distribution over the ISM
ISM is its interannual variability (Goswami and Xavier, region. The interannual variation of Sc clouds is shown in
2005). A part of the interannual variability of the ISM can be Fig. 3d. It is very interesting to note the consistency of these
attributed to the interannual variability of the various cloud cloud occurrences over the Arabian Sea as well as over the
distribution and the feedback provided by these clouds. In orequatorial Indian Ocean during all the years. Except during
der to investigate the interannual variability of the frequencythe 2009, the frequency of occurrence of these clouds over
of occurrence of various cloud types, we have establishedhe Arabian Sea is coherent and limited to a narrow region,
the same for individual years from 2006 to 2010. Figure 3a—fand the interannual variation is not very prominent. Figure 3e
show the interannual variations in frequency of occurrenceshows the interannual variation of Cu clouds. There are two
of the various cloud types Ci, As, Ac, Sc, Cu and DC cloudsprominent peaks in the occurrence of these clouds: one over
respectively from 2006 to 2010. The interannual variability the Tibetan Plateau and the other over the west coast of In-
of St and Ns is not included here as their frequency of occurdia. There is a little interannual variation in their occurrence
rence is lower than other cloud types, as mentioned earlierover these regions. Finally, the interannual variation of DC
The frequency of occurrence of Ci clouds is relatively higher cloud occurrence is shown in Fig. 3f. From this figure, it is
over the south Arabian Sea and equatorial Indian Ocean irvident that the DC clouds spread over the entire BoB and
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Fig. 3. Distribution of frequency of occurrence () Ci, (b) As, (c) Ac, (d) Sc,(e) Cu and(f) DC clouds during the years 2006—2010.

the Arabian Sea region in 2007 and 2010, whereas in 2006;ence of that particular cloud is found. However, it will be
2008 and 2009 they are highly concentrated in the north-useful to have the height distribution of various cloud types
east BoB. One more noteworthy observation is the lack ofover the ISM region. In this regard, we have averaged the fre-
DC clouds over the Indian landmass during the year 2009quency of occurrence of individual cloud types in each range
as compared to other years. The year 2009 was a drouglitin over the entire ISM region, and Fig. 4a—f show the verti-
year with 22 % deficiency in all India monsoon rainfall as cal distribution of frequency of occurrence of Ci, As, Ac, Sc,
compared to the long-term monsoon rainfall over the region.Cu and DC clouds, respectively. The vertical distribution of
Thus Fig. 3a—f describe the interannual variation in distribu-Ci, As, Ac, Sc, Cu and DC clouds peaks at 12, 7.5, 6, 1.1,
tion of frequency of various cloud types occurring over the 2 and 5km height, respectively. The deviations of all India
ISM region. The dynamical, thermal and moisture structuremonsoon rainfall from the long-term mean during the indi-
of the background atmosphere during these years could beidual years 2006—2010 are given in Fig. 4f. This informa-
the principal reason for the observed interannual variabilitytion has been taken from the India Meteorological Depart-
of these clouds, which have to be further investigated. ment. From these rainfall deviations, it can be noted that the
As mentioned earlier, the distributions shown in Figs. 1 year 2009 is a drought, and all other years are near-normal
and 3 correspond to the height at which maximum occur-(2006 and 2008) to excess years (2007 and 2010). During
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the drought year of 2009, it can be noticed that the frequenand As clouds over BoB. The mean distribution of Cu clouds
cies of occurrence of all cloud types are reduced compared tshowed three distinct peaks over the Tibetan Plateau, west-
other years, and it is very interesting to note that the verticalern coast and equatorial Indian Ocean. The distribution of
distribution of DC clouds reflects the monsoon rainfall (i.e., DC clouds, which are very important from a hydrological
their frequency of occurrence is higher in excess years thastandpoint, showed a pronounced peak in their occurrence
in near-normal and drought years). Thus the present study egrequency over head BoB and secondary peaks over western
tablished the three-dimensional distribution of various cloudcoast, south BoB and central India. The frequencies of oc-
types occurring over the ISM region for the first time, which currence of St and Ns clouds are found to be much lower
are very vital for understanding the feedback provided by thethan other cloud types over study region. The diurnal varia-
clouds to the monsoon system. The present study also open®ns in frequency of occurrence of all these clouds are also
up the possibility to assess the role of individual cloud typesestablished using day- and nighttime observations of Cloud-
in modifying the background thermal structure of the tropo- Sat. The interannual variations of all these clouds are dis-
sphere through radiative and latent heat. cussed, and it is observed that the region over which a par-
ticular cloud occurs is consistent from one year to another.
The mean vertical distribution of all the cloud types over
the ISM region is also established. The vertical structure of
i ) DC showed year-to-year variations, which is consistent with
Five years (2006-2010) of CloudSat observations over thgne |ndia summer monsoon rainfall observations during that
ISM region are used to establish the three-dimensional disgy, gy period. It is envisaged that the present study will be
tribution of various cloud types in terms of their frequency helpful in quantifying the feedback of an individual cloud

of occurrence for the first time. The mean distribution of type to the ISM. Even though the present study discussed
Ci clouds emphatically showed the role of TEJ in spreadingipe prevailing dynamical features during the ISM period to

the anvils of DC clouds forming over the head BoB. Theseggme extent, further investigations are needed to look into

clouds are most frequently observed over the Indian peninthe gynamical aspects associated with the ISM and their role

sula, south BoB and Indian Ocean. It is observed that the, ictating the observed distribution of a particular cloud
Sc clouds form most frequently over the north Arabian Seatype which will be our immediate priority.

and are confined to a narrow region. The prevailing dynam-
ical features during the ISM period seem to be responsible
for the formation of these clouds over the Arabian Sea. It isAcknowledgementsThe authors are greatly thankful to the Cloud-
also observed that Ac clouds form preferentially over land Sat team for the 2B-CLDCLASS data, which were obtained from

4 Conclusions
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Abstract. Five years of CloudSat observations during the Indian summer monsoon (ISM) sea-
son are used to investigate the vertical structure of stratocumulus (Sc) clouds and associated
dynamics over the western part of Arabian Sea. The amount of Sc clouds formed over these
regions are quantified in terms of their frequency of occurrence (FOC) and the same is used
to study their vertical structure, which is very important from their radiative impact standpoint.
The analysis revealed that Sc clouds predominantly form in the 0.5- to 3-km altitude region with
mean thickness of 2.5 km over the study region. However, the maximum FOC of Sc clouds is
found at ~1.2-km altitude. The prevailing meteorological conditions over the study region are
also investigated using ERA-Interim reanalysis datasets, to figure out why the Sc clouds per-
sistently form over this region during ISM period. The analysis revealed that the presence of
strong thermal inversion at 850-hPa level formed due to large-scale subsidence, presence of a
low-level jet at 850-hPa level, and the advection of dry air at 650-hPa level from the Arabian
Desert lead to the inhibition of vertical development of Sc clouds over the Arabian Sea. The
significance of the present study lies in characterizing the vertical structure of Sc clouds formed
persistently over the Arabian Sea during ISM and divulging the prevailing dynamics and thermal
structure responsible for the formation of the Sc clouds over the study region. © 2018 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.12.016018]
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1 Introduction

In general, clouds are classified as low [cumulus (Cu), stratocumulus (Sc), and stratus (St)],
middle [altostratus (As), nimbostratus (Ns), and altocumulus (Ac)], high [cirrus (Ci), cirrostra-
tus, and cirrocumulus] level, and vertical (cumulonimbus) clouds. These clouds altogether con-
tribute ~50% to the Earth’s albedo by effectively reflecting the sunlight back to space.'> Apart
from the Earth’s radiation budget, the clouds play an important role in diabatic heating of the
atmosphere by releasing a large amount of latent heat and in the hydrological process. Owing to
their transiency and large range of sizes, the clouds remain as one of the large contributors to the
uncertainty in climate models. Among these various cloud types, Sc clouds cover more of
Earth’s surface (23% of the ocean surface and 12% of the land surface) than any other clouds.?
The shortwave forcing of Sc clouds is more than their long-wave forcing and thus effectively
cools the Earth’s surface.* Earlier studies show that a 4% increase in the presence of the Sc cloud
would be sufficient to offset the radiative forcing produced by doubling of CO, concentrations in
the Earth’s atmosphere.*™® There were many studies on Sc clouds with special emphasis on their
microphysical properties and their interaction with radiation. The global mean thickness of Sc
is about 300 to 400 m,” and their horizontal extent is around 1000 km or more. These clouds
exhibit a variety of structures, especially over the oceans.* Owing to their very thin vertical

*Address all correspondence to: Karanam Kishore Kumar, E-mail: kishore_nmrf@yahoo.com
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structure, these clouds are difficult to simulate using global models as they are thinner than the
vertical grid resolution of the models.'” Due to inadequate representation of vertical structure of
Sc clouds in the climate models, their effects on shortwave radiation are under-predicted in
models.'" Thus, even though there is a plethora of observations of Sc clouds, their representation
in global models is not improved.

A capping temperature inversion and the supply of moisture are essential ingredients for the
formations of Sc clouds. It has been observed that Sc clouds preferentially form under the
descending branches of large-scale circulations, such as Hadley and Walker circulations,
over the ocean surfaces.”*!? The descending branches of large-scale circulation will be relatively
warmer due to adiabatic compression of the air and thus triggers the formation of temperature
inversion in the lower troposphere. The relatively cool moist air in the marine boundary layer is
trapped by these inversion layers and thus aids in the formation of the Sc cloud. The radiative
cooling at the top of the cloud will ensure the maintenance of marine boundary layer convection
and hence the maintenance of Sc clouds. Thus, mechanism for the formation and maintenance of
Sc clouds and their interaction with the solar radiation over the oceans are relatively well under-
stood. Recently, Wood* provided a comprehensive review on the Sc clouds, which included their
climatology, spatiotemporal variability at different scales, and microphysical structure and
processes.

The space-based passive infrared radiometers on-board geostationary satellites are providing
much of the spatial and temporal information of Sc clouds. However, the much-needed vertical
structure of these clouds is being provided by the active remote sensing instruments, such as
Cloud Profiling Radar (CPR) on-board CloudSat'® and lidar on-board CALIPSO. The cloud
radar operating at 35 and 94 GHz provides microphysical properties of these clouds, which
are very useful in assessing their radiative properties. Even though there are many studies
on Sc clouds across the globe, the studies on their vertical structure and associated dynamics
are relatively less. Further, studies on persistent Sc clouds formed over certain regions of the
globe are less explored. For example, during the Indian summer monsoon (ISM) (June to
September), a persistent layer of Sc clouds forms over the northern Arabian Sea.'*!> The vertical
structure of these clouds, their spatiotemporal variability, and associated dynamics are yet to be
investigated in detail. Sathiyamoorthy et al.'* reported the characteristics of low clouds over the
Arabian Sea using Kalpana-1 satellite data and International Satellite Cloud Climatology Project
cloud data. These authors also discussed the radiative impacts of the low-level clouds over this
region. However, one of the missing elements of this particular study is the vertical structure of
the Sc clouds observed over the Arabian Sea. Subrahmanyam and Kumar'? reported the spatial
distribution of various cloud types, including Sc clouds, during ISM season using CloudSat/
CALIPSO observations. This study did not focus on the Sc clouds and discussed the various
cloud types in general. Thus, it is clear from the aforementioned discussion that even though
there are studies on Sc cloud distribution over the Arabian Sea during ISM period, there are no
studies on their vertical distribution. Owing to the importance of vertical structure of Sc clouds in
Earth’s radiation budget, this study aims at characterizing the spatiotemporal variability of ver-
tical structure of Sc clouds and associated dynamics over the Arabian Sea during the ISM period
of 2006 to 2010 using CloudSat observations. We adopt the dynamical mechanism proposed by
Sathiyamoorthy et al.'* to explain the role of dynamics in the formation of Sc clouds over the
Arabian Sea. Section 2 provides the data used and the methodology followed in this study.
Results are discussed in Sec. 3, and Sec. 4 provides the summary.

2 Datasets and Methodology

Five years (2006 to 2010) of CloudSat/CALIPSO observations over the ISM region are used for
this study. The CPR on-board CloudSat satellite is the first space-borne millimeter wavelength
radar launched in June 2006 as a part of A-Train constellation.'® The transmitting frequency of
the CPR is 94 GHz and is a nadir-looking radar, which measures the backscattered power
returned from water droplets in clouds. The ground footprint of CPR is ~1.4 km along-
track and ~1.7 km across-track direction. The vertical resolution of CPR is 500 m; however,
the radar oversamples the backscattered signals to provide a vertical resolution of ~240 m
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at 125 vertical bins. The revisit of CPR on same location is ~16 days, and the ground separation
distance between the two successive CloudSat orbits is ~1.8° in longitude. The CPR is able to
penetrate the optically thick clouds but cannot detect the thin clouds, such as semitransparent Ci
clouds. On the other hand, CALIPSO, which is also a part of A-Train constellation of satellites,
carries a lidar on-board to detect optically thin clouds, which are not detected by CPR. At the
same time, CALIPSO cannot provide information on thick clouds. Thus, the combination of
CloudSat and CALIPSO complements each other in providing the wealth of information on
vertical structure of clouds from the space. For this study, five years of CloudSat 2B-
CLDCLASS data during June to September over the ISM region are used, which provide ver-
tically resolved cloud type classification. The cloud type classification is done based on the
microphysical (liquid water content and precipitation) and macrophysical (cloud vertical and
horizontal length) properties of cloud along with the European Centre for Medium-Range
Weather Forecasts temperature fields. The 2B-CLDCLASS data provide eight cloud types
viz., Ci, As, Ac, St, Sc, Cu, Ns, and deep convective (DC) clouds. A complete description
of the cloud classification algorithm can be found in 2B-CLDCLASS product data sheet in
CloudSat website.'® Subrahmanyam and Kumar'? reported the frequency of occurrence
(FOC) of various cloud types and their associated dynamics over the ISM region. A similar
procedure as described by Subrahmanyam and Kumar'? is adopted in this study to quantify
the FOC of Sc clouds over the Arabian Sea during ISM period. In brief, CloudSat observations
are grouped in 2.5° X 2.5° grids, and then the vertical distribution of FOC of Sc cloud is calcu-
lated within each grid and then monthly mean FOC are estimated. Apart from the space-based
observations, the ERA-Interim (ERA-I) reanalysis datasets of temperature and wind fields are
used for this study.!” ERA-I data provide the global atmospheric reanalysis fields from January 1,
1979, with a sequential data assimilation scheme using available observations. Currently, ERA-I
reanalysis contains six-hourly gridded estimates of meteorological variables (temperature, wind,
humidity, ozone, and surface pressure) in three dimensions, and it also estimates the large num-
ber of three-hourly surface parameters.

3 Results and Discussion

Five years of CloudSat observations of Sc clouds during 2006 to 2010 over ISM region (June to
August) are grouped into 2.5° X 2.5° grids. The FOC of Sc clouds is then estimated. Figure 1(a)
shows the five-year mean spatial distribution of FOC of Sc clouds during ISM. The FOC of Sc
cloud at each height bin has been estimated, and Fig. 1(a) corresponds to the height where the
maximum FOC of Sc cloud is observed in each grid. From this figure, it is evident that the
maximum FOC of Sc cloud is found to be over the western part of Arabian Sea, which is con-
sistent with the previous studies.'*!> The maximum FOC of Sc clouds is observed to be at 15°N,
65°E. However, there is a drastic contrast in the FOC of Sc clouds over the Arabian Sea and Bay
of Bengal (BoB) regions, which is more abundant over the Arabian Sea. The reasons for confine-
ment of Sc cloud over the Arabian Sea will be discussed in the subsequent paragraphs. From
Fig. 1(a), it can also be noted that considerable amount of Sc cloud forms over the Western Ghats
region. Previous studies reported the maximum FOC of Cu clouds over the Westland Ghats
region.'” There is a possibility that thinning out of shallow Cu clouds can lead to formation
of Sc clouds.* Thus, Fig. 1(a) shows the spatial distribution of Sc clouds over ISM region
in terms of their FOC. Further to construct the mean climatology of vertical distribution of
these clouds over the ISM region, CloudSat observations are averaged over 55°E to 70°E longi-
tudinal band, where the maximum FOC of Sc clouds is observed. Figure 1(b) shows the five-year
mean height-latitude section of FOC of Sc clouds corresponding to aforementioned longitudinal
band. From this figure, it can be noted that the vertical extent of the observed Sc is limited to
~3 km, above which the FOC is <1%. The peak in FOC is observed around 1.2 km. From
this figure, it can also be noted that the high occurrence of Sc clouds takes place between
10°N and 22.5°N latitudes over the ISM region. The mean altitude of base of Sc cloud is
found to be around 0.5 km and mean top altitude around ~3 km. Therefore, the mean thickness
of Sc clouds occurring over the Arabian Sea during the ISM period is ~2.5 km. The dynamical
factors associated for the controlling the vertical development of Sc cloud are discussed later in
this section.
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Fig. 1 Five-year (2006 to 2010) mean spatial distribution of FOC of Sc clouds averaged during the
months of June, July, August, and September in each year using CloudSat observations over the
ISM region in terms of (a) longitude-latitude section (corresponds to the height where the maxi-
mum FOC of Sc cloud is observed in each 2.5 x 2.5 grid) and (b) latitude-height section (the FOC
of Sc clouds is averaged in the 55°E to 70°E longitude sector).

Figure 2 shows the monthly mean vertical structure of FOC of Sc clouds, which is con-
structed by estimating their monthly mean vertical structure in the 10°N to 20°N latitudinal
and 60°E to 75°E longitudinal belt. From this figure, it is evident that the Sc clouds preferential
occur over the Arabian Sea during ISM monsoon and their occurrence is negligible during other
seasons. Thus, the FOC of Sc clouds is significant during June, July, August, and September
months with maximum during the month of August. Further, to investigate the interannual vari-
ability, FOC of Sc clouds is derived during the years 2006 to 2010 and is shown in Fig. 3. From
this figure, it is evident that Sc clouds persistently form over the Western Arabian Sea year after
year during the ISM with more or less same FOC. However, during the year 2009, the FOC of Sc
cloud is found to be relatively less as compared to other years over the Arabian Sea. The year

1 %

Height (km)

Month

Fig. 2 Five-year mean height-month section of FOC of Sc clouds averaged in the 10°N to 20°N
latitudinal and 60°E to 75°E longitudinal belt.
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Fig. 3 Longitude-latitude section of FOC of Sc clouds during the years (a) 2006, (b) 2007,
(c) 2008, (d) 2009, and (e) 2010 depicting the interannual variability.

2009 was a drought year with ISM rainfall deviation of —22% from the climatological mean. The
years 2006 and 2008 were near normal, where the rainfall deviations were —0.1% and —2%,
respectively. The years 2007 and 2010 were excess years with +6% and +22% departures,
respectively. This information has been taken from India Meteorological Department records.
It seems that the strength of the monsoon has a role in the formation of Sc clouds over the
Arabian Sea. This will be discussed in detail while discussing the dynamical factors influencing
the formation of Sc clouds. Thus, Fig. 2 shows the interannual variability in FOC of Sc clouds
over the ISM region, which consistently shows the formation of Sc clouds over the Arabian Sea.
The preferentially occurrence of Sc clouds during ISM over the Arabian Sea and the prevailing
dynamics and thermal structure aiding in their formation is further investigated using reanalysis
datasets.

Figures 4(a) and 4(b) show the climatological mean winds and corresponding divergence
field at 850-hPa level, respectively, during ISM period constructed using ERA-I reanalysis
winds. As mentioned earlier, we adopt the mechanism proposed by Sathiyamoorthy et al.'*
to demonstrate the role of dynamics in the formation of Sc clouds over the Arabian Sea.
Among many atmospheric circulation features during ISM, the low-level jet (LLJ) occurring
at 850 hPa is one of the prominent factors, which is shown in Fig. 4(a). The thermal gradient
between the Indian Ocean and Asian landmass is the primary driver for the LLJ. The core of the
ISM LLJ lies around 850-hPa level. The LLJ plays a vital role in transporting the moisture from
oceanic to land region resulting in widespread rainfall over the Indian subcontinent.'® From
Fig. 4(a), it can be noted that the winds accelerate in the 5°N to 10°N region (entrance) and
decelerate in the 15°N to 20°N region (exit)."* Thus, the moisture carried by the LLJ from
the entrance region (with accelerating winds) converges at the exit region (with decelerating
winds). This low-level convergence as shown in Fig. 4(b) may be conducive for moisture con-
vergence to form clouds over this region.'* Figure 4(b) shows the mean divergence over the study
region derived from the ERA-I reanalysis. Negative (positive) values indicate the presence of
convergence (divergence) over the Arabian Sea. However, the upper-level winds, sea surface
temperature (SST), and the background thermal structure dictate the vertical development of
the clouds. Figure 4(c) shows the vector winds over the ISM region at 650-hPa level. From
this figure, it is evident that there are strong southward winds from the Arabian land mass toward
the Arabian Sea during this season. These winds are supposed to be very dry as they pass through
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Fig. 4 Five-year mean climatology of (a) winds at 850 hPa, (b) divergence at 850 hPa, (c) winds at
650 hPa, and (d) SST derived from ERA-I reanalysis datasets during the ISM period.

the desert region and, thus, can affect the vertical development of the clouds through entrain-
ment. Thus, from Figs. 4(a) and 4(c), it can be noticed that the lower tropospheric winds by
transporting moist air are conducive for formation of the clouds whereas midtropospheric
winds by transporting dry air inhibits their vertical development over the study region.
Figure 4(d) shows the five-year mean climatology of SST over the Arabian Sea, which
shows the relatively lower temperature in the most parts of Arabian Sea as compared to Indian
Ocean. Further, as mentioned earlier, the background thermal structure also plays a vital role in
the vertical development of the clouds. To investigate this aspect, the temperature profiles from
ERA-I reanalysis datasets are examined over the study region. Figure 5 shows the monthly mean
profiles of temperature over the study region for June, July, August, and September months.
From this figure, it can be noted that there exists a strong thermal inversion in the 950- to
850-hPa level over the Arabian Sea. As mentioned earlier, the thermal inversions inhabit the
vertical development of clouds, and thus, these regions are favorable for formation of low-
level clouds, such as Sc clouds. However, depending on the strength of the inversion, the vertical
growth of the clouds will be varying. If the thermal inversion is week or the updraft is very
strong, the clouds can overshoot the inversion layer and, thus, can reach higher altitudes. These
thermal inversions together with advection of dry air at 650-hPa level from the Arabian Desert
lead to inhibition of vertical development of clouds over the west Arabian Sea. The formation of
thermal inversions over the Arabian Sea was reported in the past.'” One of the important factors
contributing to the formation of these inversion layers is the subsidence associated with monsoon
convection over the Indian land mass and BoB. To examine, whether such subsidence is present
over the study region, the vertical velocity dataset from ERA-I reanalysis data is used. Figure 6
shows the mean pressure—longitude section of Omega and winds at 15°N (where FOC of Sc
clouds is maximum) during the month of August over the study region. The negative velocity
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Fig. 5 Monthly mean temperature profiles at 60°E and 17.5°N temperature observed over the
Arabian Sea during ISM period.

shows the upward motion and positive velocities show the downward motions. It is known that
the magnitudes of vertical velocities provided by reanalysis are not validated. However, the rean-
alysis datasets are able to identify the large-scale up and downdrafts, for example, the Walker
circulation can be readily identified using the vertical velocities derived from reanalysis
datasets.'” From Fig. 6, it is evident that the strong subsidence takes place over the study region,
which can result in thermal inversion through adiabatic compression. The dry and hot air
advected from the Arabian Desert may also play a role in development of the observed inversion
layers. Also, the downdrafts over the study region can directly suppress the vertical development
of clouds as shown in Fig. 6. Descending motion of monsoon circulation can be seen in Fig. 6
during the month of August, in which the DC activity is high over Indian region as well as over
BoB. The negative (positive) Omega values indicate the upward (downward) motion of monsoon
convection shown by solid arrow symbol in Fig. 6 over the longitude sector around 90°E to 100°
E. The associated downward motion can be found around the 55°E to 60°E, where the maximum
FOC of Sc cloud forms [Fig. 1(a)]. Thus, the thermal inversions formed over the Arabian Sea due
to descending motion induced by monsoon convection play a key role in the formation of
observed Sc clouds. A strong convection can overcome the thermal inversion layers and
can develop into deep convection. However, the strength of the convection has dependency
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Fig. 6 Five-year mean climatology pressure-longitude section of Omega and winds derived from
ERA-I reanalysis datasets.
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Fig. 7 Five-year mean spatial distribution of FOC of Sc clouds along with contours of LTS over the
study region observed during the month of August.

on the SST, which is relatively low over the study region as shown in Fig. 4(c). The strong winds
over the Arabian Sea during the ISM period can cause upwelling of the sea and, thus, cooling the
sea surface, which in turn weakens the convection. Thus, there are three factors, viz., low SST,
large-scale subsidence-induced thermal inversion, and dry air intrusion in midtroposphere, that
influence the vertical development of clouds over the study region and favor the formation of Sc
clouds.

In general, Sc clouds tend to form under large-scale subsidence associated with the Hadley as
well as Walker circulations. One of the important parameters used in the earlier studies to identity
the potential locations for the formation of Sc clouds is the lower tropospheric stability (LTS).
The LTS is an indicator of the atmospheric stability at lower levels, which is defined as the
difference of potential temperature at 700- and 1000-hPa levels.?® If the observed LTS is higher,
then there is less chance for the vertical development of clouds. Figure 7 shows the mean dis-
tribution of Sc clouds in terms of FOC along with LTS in contours during the month of August.
From this figure, it is evident that the region of maximum in FOC coincides with the regions of
larger LTS. This observation suggests that the areas of high LTS are not favorable for develop-
ment of clouds vertically as discussed earlier. However, the larger LTS magnitudes are conse-
quence of the thermal inversion as shown in Fig. 5. Thus, this study brought out the important
dynamical and thermal structure aspects over the Arabian Sea, which explains the selective for-
mation of Sc clouds over the study region.

4 Summary and Concluding Remarks

Using five years of CloudSat observations over the ISM region, the three-dimensional structure
of Sc clouds and associated dynamics are characterized. Large amount of Sc clouds, which is
quantified in terms of FOC, have been observed over the Arabian Sea during ISM period. The
maximum FOC of Sc cloud is found to be over the western part of Arabian Sea, especially at 15°
N, 65°E. The analysis revealed that the vertical extent of Sc clouds is limited to ~3 km and the
peak in FOC located at 1.2 km over the study region. The vertical structure of Sc clouds further
revealed that the mean thickness of Sc clouds occurring over the Arabian Sea during the ISM
period is ~2.5 km. The maximum FOC of Sc clouds over the study region is found during the
month of August. A detailed analysis is carried out to investigate why the Sc clouds preferen-
tially form over the study region during ISM period using reanalysis datasets. Two distinct wind
systems one at 850 hPa and another at 650 hPa are observed over the study region. A strong low-
level south-westerly jet is observed at 850 hPa over the study region, which is instrumental in
bringing the moisture over ISM region whereas dry northerly winds from Arabian Desert regions
are observed over the study region at 650 hPa, which can inhibit the vertical development of
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clouds by advecting the dry air. The strong low-level winds over the Arabian Sea can also lower
the SST through upwelling and, thus, weakening the convection. Moreover, the vertical profiles
of temperature have shown the sharp inversion layers associated with large-scale subsidence
induced by monsoon convection over the Indian land mass as well as BoB. These thermal inver-
sion layers inhibit the air parcel to move vertically and thus prohibiting the vertical development
of the clouds. The regions of large LTS, which represents the stability of the lower troposphere,
are found to be coinciding with the regions of large FOC of Sc clouds. Similarly, Sc clouds can
form under the descending branches of large-scale circulations, such as Walker and Hadley cir-
culations. For example, the large fraction of Sc clouds form over the Peruvian as well as over the
west coast of California. The formation of Sc clouds over these regions also can be explained on
the basis of large-scale subsidence and LTS as discussed in this study. The large-scale subsidence
over the west coast of California is provided by the descending branch of Hadley cell whereas
over the Peruvian coast it is provided by descending branch of Walker cell. Over the Arabian
Sea, as discussed in this study, the subsidence is provided by the Monsoon convection. Thus, this
study for the first time divulges the vertical structure of Sc clouds over the Arabian Sea during
ISM period and brings out the dynamical and thermal structure aspects associated with the Sc
cloud formation over the study region. It is envisaged that the results will have implications in
identifying the potential regions of persistent Sc cloud formation other than descending branches
of large-scale circulations as well as in understanding the vertical structure of Sc clouds and
associated dynamics.
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CloudSat Observations of Three-Dimensional
Distribution of Cloud Types in Tropical Cyclones

K. V. Subrahmanyam, Karanam Kishore Kumar, and Natalie D. Tourville

Abstract—The present study investigates the three-dimensional
distribution of various cloud types in tropical cyclones formed in
the North Indian Ocean surrounding the Indian subcontinent using
CloudSat observations of 25 cyclones occurred during 2006-2014.
A composite cloud type distribution of cirrus (Ci), altostratus (As),
altocumulus, stratocumulus, cumulus, nimbostratus and deep con-
vective (DC) is constructed by combining all the observations as
a function of the radial distance from the eye of a cyclone for the
first time. The present analysis shows that the peak frequency of
occurrence of the DC clouds is 50 % at ~50-100 km radial distance
from the cyclone’s eye. The Ci clouds are found at altitudes around
13-15 km with a maximum frequency of occurrence of 30% at
~200 km from the center of the cyclone’s eye. The present results
suggest that there could be a possible discrepancy in classifying
the observed clouds into DC and As clouds using CloudSat ob-
servations. All the observations during the study period led to the
construction of composite cloud type distribution in the tropical
cyclones, which aids in visualizing what type of clouds dominates
in which part of the cyclone. Thus, the present study provides a
three-dimensional distribution of various clouds embedded in trop-
ical cyclones and associated dynamics, which is very important
in better representation of tropical cyclones in numerical weather
models and can be used to evaluate the tropical cyclone simulations.

Index Terms—Cloud types, CloudSat, tropical cyclones.

1. INTRODUCTION

are cynosure for meteorologists as well as common men.
The devastation caused by tropical cyclones makes them one
of the important topics of research in the realms of meteo-
rology. The prediction of intensity and movement of tropical
cyclones is one of the important topics addressed by several
researchers across the globe to understand these complex
atmospheric—oceanic systems. There have been numerous
studies on preconditioning of tropical cyclogenesis [1]-[3],
its internal structure, frequency of occurrence, and dynamics
[4]-[6]. Among many atmospheric processes associated with
tropical cyclones, the clouds embedded in these systems play
an important role in their sustenance and intensification [6].

O WING to their socioeconomic impacts, tropical cyclones
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The intensification and movement of the tropical cyclones,
among other factors, depend on the latent heat released in the
clouds embedded in them [6]. The latent heat released in clouds
modifies the internal dynamics of a cyclone, and the dynamics,
in turn, dictate the cloud distribution within in the cyclone.
However, the amount of latent heat released by various cloud
types is different and there is no direct measurement of this
quantity. By knowing the cloud type, it may be possible to infer
the latent heat released indirectly. So it becomes important to
study the cloud-type distribution within a cyclone for having
better insights into its internal dynamics and vice versa.

Understanding about the structure and dynamics of tropi-
cal cyclones is improved tremendously with the TRMM-PR
observations [6], [7]. Information on three-dimensional distri-
butions of nonprecipitating clouds and their types was very
limited until the launch of CloudSat [8] and CALIPSO [9]
satellites. The combined observations from CloudSat/CALIPSO
provide three-dimensional distributions of various cloud types
[10]-[12]. Apart from observational studies on tropical cy-
clones, numerical model based studies were also carried out
[13]-[15]. In recent times, using cumuli parameterization
schemes, atmospheric modelers are able to investigate the de-
velopment of tropical cyclones using climate models [15], [16].
However, most of the climate models are not able to simulate
the vertical structure of clouds in tropical cyclones [17], [18].
L’Ecuyer et al. [19] showed the composite structure of a tropical
cyclone observed by CloudSat in connection with background
wind shear and further showed that environmental wind shear
plays a vital role in the dynamics and formation of the tropical
cyclone. One of the missing elements in observations of tropi-
cal cyclones is the three-dimensional distribution of cloud types
embedded in these systems. In this regard, the present study aims
at constructing the vertically resolved composite cloud type dis-
tribution embedded in tropical cyclones as a function of radial
distance from the eye of the cyclones formed in the North Indian
Ocean using CloudSat observations. The results discussed in the
present study are envisaged to shed light on which type of clouds
form in which part of a cyclone, which will have potential impli-
cations in understanding the energy budget of a tropical cyclone
system. Section II describes data and methodology, results are
discussed in Section III, and Section IV provides the summary
of the present study.

II. DATA AND METHODOLOGY

For the present study, observations of a cloud profiling radar
(CPR) (onboard CloudSat) over tropical cyclones formed in the

1939-1404 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Arabian Sea (ARB) and the Bay of Bengal (BoB) surrounding
the Indian subcontinent during the years 2006-2014 are used.
The operating frequency of the CPR is 94 GHz and it provides
observations with 240 m vertical resolution and 1.4 and 1.7 km
cross- and along-track resolution, respectively [8]. Recently,
Tourville et al. [12] compiled A-Train observations over
tropical cyclones, which is a unique dataset to investigate the
different aspects of clouds embedded in tropical cyclones.
This dataset provides information on the vertical structure of
clouds, precipitation, cloud properties, environmental storm
conditions, and tracks of the cyclone [8]. Among these datasets,
the 2B-CLDCLASS product of CloudSat, which provides the
cloud-type information, is used for the present study [20].
CloudSat algorithm classifies clouds into eight types viz.,
cirrus (Ci), altostratus (As), altocumulus (Ac), stratus (St),
stratocumulus (Sc), cumulus (Cu), nimbostratus (Ns), and
deep convective (DC). The classification is based on different
aspects of vertical and horizontal scales of hydrometeors using
the CPR measured reflectivity and ancillary data including
ECMWEF temperature profiles and surface topography [20].
The 2B-CLDCLASS data product employs a cloud cluster
algorithm for cloud-type classification. The cloud cluster algo-
rithm derives various cloud types using the reflectivities from
the CPR along with other additional information from ECMWF
re-analysis data. The algorithm considers only the significant
CPR cloud mask values 30 and above, which is provided by a
cloud mask algorithm. Furthermore, classification of the cloud
type is done based on microphysical properties, maximum re-
flectivity and corresponding temperature at that level, cloud
vertical and horizontal extent, and the precipitating properties.
However, the CPR is not sensitive to optically thin clouds such
as high-altitude thin Ci clouds [10], [11], [21]. The limitations
of 2B-CLDCLASS product are 1) surface contaminations in
the lower 3—4 range bins of CPR vertical reflectivity profiles,
which will have implications in classifying St/Sc clouds and 2)
the CPR is not sensitive to high altitude thin clouds, which will
have implications in detecting the Ci clouds [21], [22], [11],
[12]. Both these limitations will result in fewer detection of St,
Sc, and Ci clouds than actually present. One should keep these
limitations in view while interpreting the observations. Despite
these limitations, cloud-type classification is derived, which is
very useful for assessing the role of clouds in energetics and
dynamics of the atmosphere as a function of cloud type. More
details on CloudSat can be found in [21]. In the present study,
we have adopted the following steps discussed by [12] to calcu-
late the frequency of occurrence of each cloud type as a function
of distance from the eye of the cyclone. Step 1: The CloudSat
observations are gridded with respect to the distance from the
center of the tropical cyclone. Step 2: The number of occur-
rences of each cloud type such as Ci, As, Ac, St, Sc, Cu, N,
and DC is estimated at each height interval (240 m) of CPR
observations. Step 3: The number of occurrence of each cloud
type is divided by the number of occurrence of all cloud types
at each height interval, which provides frequency of occurrence
of each cloud type. This quantity is used to construct the com-
posite cloud type distribution in tropical cyclones as a function
of distance from the eye of the cyclone. More details on the

TABLE I
LIST OF TROPICAL CYCLONES OCCURRED IN NORTH INDIAN OCEAN
DURING 2006 TO 2014

S.No.  Cyclone name Period Basin
1 MUKDA Sep. 21-24, 2006 ARB
2 AKASH May 12-15, 2007 BoB
3 GONU Jun. 1-7, 2007 ARB
4 SIDR Nov. 11-16, 2007 BoB
5 NARGIS Apr. 27 to May 7,2008  BoB
6 RASHMI Oct. 25-27, 2008 BoB
7 KHAIMUK Nov. 13-16, 2008 BoB
8 NISHA Nov. 25-29, 2008 BoB
9 BIJILI Apr. 14-17, 2009 BoB
10 AILA May 23-26, 2009 BoB
11 PHYAN Nov. 4-11, 2009 ARB
12 LAILA May 17-21, 2010 BoB
13 BANDU May 19-23, 2010 ARB
14 PHET May 30 to Jun. 7, 2010 ARB
15 GIRI Oct. 20-23, 2010 BoB
16 JAL Nov. 1-8, 2010 BoB
17 THANE Dec. 25-30, 2011 BoB
18 MURJAN Oct. 22-26, 2012 ARB
19 NILAM Oct. 28 to Nov. 1, 2012 BoB
20 MAHASEN May 10-17, 2013 BoB
21 LEHAR Nov. 23-28, 2013 BoB
22 MADI Dec. 6-13, 2013 BoB
23 NANAUK Jun. 10-14, 2014 ARB
24 HUDHUD Oct. 7-14,2014 BoB
25 NILOFAR Oct. 25-31, 2014 ARB

16000

14000

12000

-_5 10000
g
3

T %000

{ oo
z

4000

=il
0 100 00 300 400 500 500 TOO 800 200 1000

Radial Distance (km)

Fig. 1.  Number of CPR profiles as a function of radial distance from the eye
of the cyclone.

methodology of estimating frequency of occurrence of cloud
types can be found in [11].

A total number of 25 tropical cyclone (8 in the ARB and 17
in the BoB) passages during 20062014 are investigated for the
present study and Table I shows the list of tropical cyclones
along with their time of occurrence. Fig. 1 shows the number of
profiles as a function of radial distance from the eye of cyclones
that are used to construct the composite cloud type distribution.
From this figure, it is clear that there are relatively few obser-
vations over the eye of a cyclone as compared to other parts of
the system. However, the cloud-type distribution is normalized
with the total number of observations to estimate the frequency
of occurrence of each cloud as a function of radial distance from
the eye of the cyclone. Furthermore, we have separated these
observations into two subsets, one set having observations dur-
ing the developing stage and other during the mature stage. The
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Fig.2. Schematic view of vertical cross section of a tropical cyclone (adapted

from [22]).

developing and mature stages are identified using the formation
of a well-defined eye and the information provided by the India
Meteorological Department. However, identifying the eye dur-
ing formative and dissipating stage is very difficult and thus we
focused on the mature stage of the cyclone alone in the present
study.

III. RESULTS AND DISCUSSION

Fig. 2 depicts the schematic of the vertical cross section of the
tropical cyclone (redrawn from [22]) highlighting the vertically
resolved cloud distribution and internal circulation. The basic
anatomy of the cyclone consists of an eye, eye-wall, moat, and
inner and outer rainbands. However, the nomenclature slightly
differs among the meteorologists. From this illustration, it is
clear that the eye-wall, and the inner and the outer rainbands of
cyclones consist of DC systems reaching up to the tropopause
and the presence of Ci clouds resulting from outflows of these
DC systems. This is a simplified cloud distribution of a tropi-
cal cyclone and there are other clouds embedded within these
systems. From this schematic, it can be observed that the top
of the DC clouds decreases with distance from the eye. This
is attributed to the inhibition of vertical development of clouds
by the outflows of deep convection from the eye-wall region of
a cyclone. The dynamics responsible for the formation of DC
clouds as well as Ci clouds in various regions of the tropical
cyclone is reported by [4]-[7]. A complete description of cloud
distribution, especially cloud types in tropical cyclones, is yet
to be generalized and the present study is an attempt toward this
end using CPR observations on board CloudSat.

Fig. 3(a) shows CloudSat track through the GONU cyclone’s
eye on Jun. 2, 2007. The GONU cyclone was developed on Jun.
1, 2007 in the eastern ARB and it developed into the matured
stage on 4th June. It started weakening on 6th June and then
dissipated on 7th June after making the landfall. The Cloud-
Sat reflectivity observations along its track over the GONU
cyclone provided valuable information on the vertical struc-
ture of clouds, as shown in Fig. 3(b), which corresponds to the
CloudSat ground tracks indicated by the red line in Fig. 3(a).
Fig. 3(b) depicts the vertical cross section of cloud reflectivity as
observed by the CPR along the CloudSat track. From this figure,

Y
\* Ii‘!--“tfrr'
A"

.n’-l uy i

13 14 15 16 17 18
Latitude

—_
n s
]
=

3/Jjoc
L . z fiNs
g1s z [ICu
= thse
£10 st
s

L Ac
H . BAs
0. - - . . .Ci
11 12 13 14 15 16 17 18
Latitude

Fig. 3. CloudSat track through the GONU cyclone’s (a) eye on Jun. 2, 2007.
(b) The CloudSat reflectivity corresponding to CloudSat tracks shown in (a),
and (c) the cloud-type distribution corresponding to CloudSat tracks shown
in (a).

echo tops reaching as high as 15-16 km corresponding to DC
clouds can be observed. In conventional geostationary satellite
observations, it is difficult to discern the high cloud and deep
clouds and the active remote sensing observations used in the
present study resolve this paradox. The horizontal distribution
of radar reflectivity along the CloudSat track also reflects the
circulation pattern within a tropical cyclone. The regions that
are void of clouds represent the regions of down drafts, regions
with reflectivity spread through ~2-15 km represent the up-
draft region, and the regions where the reflectivity is confined
in 10-15 km region represent the convective outflow regions.
Thus, using the reflectivity structure, one can infer some of
the dynamical aspects of the cyclone structure. Furthermore,
the cloud-type distribution is constructed and is depicted in
Fig. 3(c) corresponding to CloudSat track shown in Fig. 3(a).
In Fig. 3(c), the various sectors of the tropical cyclone viz., eye,
eye wall, rainbands, and anvils are labeled. Only small portion
of the eye of the GONU cyclone is captured by the CPR in
one direction. However, it provides valuable information on the
vertical structure of cloud types embedded in the observed cy-
clone. One can observe the clouds such as Sc, Ac, and As within
the eye. This region is void of any DC clouds as this region is
dominated by the downdrafts from surrounding DC systems [2],
[4], [6], [7]. On either side of the eye, DC systems representing
the eye wall can be noticed in Fig. 3(c). The outflows from the
eye walls can be noticed in the form of Ci clouds below which
there are Cu and Sc clouds. The rainband is dominated by the
DC clouds, which occupy the latitude band between 14° and
16° followed by the thick As and Ci clouds.

The vertical cross section shown in Fig. 3(c) along the cy-
clone eye represents the typical cloud-type distribution, which
is consistent with the present understanding. The cloud-type
distribution depicted in Fig. 3(c) is from instantaneous observa-
tions of CloudSat over the GONU cyclone, and as mentioned in
Section II, a total number of 25 cyclone observations are used
to construct a composite cloud type distribution. It is known
that the cloud distribution varies largely from one cyclone sys-
tem to another and also depends on the category and stage of a
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Fig. 4. (a)—(g) The composite frequency of occurrence of deep convective
clouds (DC), cirrus (Ci), altostratus (As), nimbostratus (Ns), altocumulus (Ac),
stratocumulus (Sc), cumulus (Cu), respectively, as a function of height and radial
distance from the eye of the cyclone.

cyclone. In the present study, we have segregated the CloudSat
observations based on the various stages of the cyclone viz.,
developing, mature, and dissipating stages. It is observed that
there are very few CloudSat observations during the dissipating
stage of the cyclone, which are not sufficient to construct the
composite cloud type distribution. The cloud-type distribution
constructed during the developing stages of the cyclone (figure
not shown) is not very coherent as the system was still evolving.
Due to these reasons, the present study focuses on the cloud-type
distribution during the mature stage of the cyclone alone. So, by
making use of multiple observations of CloudSat over different
parts of the mature stage of tropical cyclones, a composite cloud
type distribution is constructed as a function of height and the
radial distance from the cyclone’s eye.

Fig. 4(a)—(g) shows the frequency of occurrence of DC, Ci,
As, Ns, Ac, Sc, Cu, respectively, as a function of height and
radial distance from the eye of a cyclone. The DC clouds distri-
bution depicted in Fig. 4(a) shows its peak frequency of occur-
rence of 50% at ~50-100 km radial distance from the eye with
a vertical extent of ~16 km. The tallest DC clouds form very
near the eye of a cyclone and the tops of these clouds gradually
decrease thereafter as a function of radial distance. Most of the
previous studies have shown the DC clouds very near to the eye
of the cyclones and the present results show that even though
these clouds are present near to the eye, the maximum frequency
of their occurrence is slightly away from the eye, as shown in
Fig. 4(a). From this figure, it is evident that the DC clouds dis-
tribution shows a band structure representing their preferential
regions for formation such as the inner and the outer rainbands.
The frequency of occurrence of DC clouds drastically decreases
beyond 500 km from the eye. The warm sea surface tempera-
ture and low-level convergence of moisture are the prime driving
force for the DC cloud formation in cyclones. The latent heat re-
leased in these clouds forms the basis for further intensification
of the cyclone [6]. Both the latent heating of condensation and
freezing contributes to the heating apart from cloud radiative
heating. The DC clouds formed in the cyclones are different
from the DC clouds that form in another convective system.
The main difference between these two types of DC clouds

being the swirling updrafts and cloud bases in the cyclones [4],
(61, [7].

By now, it is well known that the outflows in the DC clouds
in cyclones are responsible for the generation of Ci clouds.
The Ci cloud distribution in tropical cyclones is depicted in
Fig. 4(b), which shows that these clouds occur at around
13—15 km height region with a maximum frequency of 30%
(at 14—15 km altitude) at around ~200 km radially from the eye
of cyclones. It is interesting to note that the peak in Ci clouds is
observed just after the peak in the DC clouds shown in Fig. 4(a),
which further strengthens the assertion that the principal source
for Ci clouds is the outflows from the DC clouds. This obser-
vation also vouches for the present approach for constructing
the composite cloud distributions using multiple cyclone ob-
servations. Significant amounts of Ci clouds are observed up
to 1000 km radial distance from the eye, which is well known
from earlier observations [5], [6]. From this figure, it is also clear
that the Ci cloud tops are gradually decreasing as a function of
radial distance as in the case of DC clouds. The outflow from
the DC clouds, which forms the Ci clouds, plays a vital role in
radiative forcing as well as in limiting the vertical growth of the
DC clouds. Apart from the outflows of the DC clouds, there is a
possibility of in situ generated Ci clouds. However, in cyclones,
the majority of Ci clouds are formed from the DC cloud out-
flows. With time, Ci clouds transform into the large and deeper
St and cirrostratus clouds. Furthermore, the cirrostratus clouds
can seed the As cloud formation.

Fig. 4(c) shows the distribution of As clouds in tropical cy-
clones. The As cloud distribution shown in this figure is not
consistent with the present understanding of characteristics of
these clouds. In general, As clouds occur in the height region
of ~3-10 km in the tropics and are classified as the midlevel
clouds. But Fig. 4(c) shows tops of As clouds as high as 16 km
near the eye of the cyclone with a peak frequency of occurrence
of ~25%. There seems to be an issue in distinguishing DC and
As clouds in the cloud classification algorithm, especially in cy-
clones. It can be explained on the basis of the tilted DC clouds
in tropical cyclones. As mentioned earlier, the DC clouds in the
tropical cyclones swirl and thus will be tilted with respect to its
base. The CPR, which observes the clouds in nadir view, may
be classifying the upper portion of the tilted DC as As cloud.
This scenario is illustrated in Fig. 5, which shows the possibility
of the CPR classifying the upper portion of the DC clouds as
As. The rectangular box shown in Fig. 5, which is a part of eye-
wall DC clouds, may be classified as As cloud in the present
algorithm. This type of slanting eye-wall clouds is discussed by
[6]. One more possibility is that the transition region between
the DC clouds and their outflows may also be classified as As
clouds. This assertion is substantiated by the cloud classifica-
tion observations depicted in Fig. 3(c), which shows that the
DC clouds are accompanied by As clouds in most of the cases.
Furthermore, from Fig. 4(a), it can be noted that near to the
eye of the cyclone, the frequency of occurrence of DC clouds is
limited to ~7 km. Above this altitude, a peak in the frequency
of occurrence of As clouds is observed over this region.

Thus, it seems that the cloud classification algorithm iden-
tifies the upper portions of the DC clouds and the transition
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region between these clouds and their outflows as As clouds.
So while estimating the frequency of occurrence of DC clouds
and As clouds in the tropical cyclones, these aspects have to
be considered. However, this will not have any consequence
on the overall frequency of occurrence of the DC clouds as it
will only affect the vertical distribution, as shown in Fig. 4(a).
In the present study, we have not implemented any corrections
to existing cloud-type identification and retained the original
classification provided by the CloudSat product. The As clouds
descend to lower heights with time and can evolve as Ns clouds.
However, apart from As clouds, Ns clouds can form directly
also. Fig. 4(d) shows the composite height distribution of Ns
clouds as a function of the radial distance from the cyclone’s
eye. From this figure, it can be noted that the frequency of oc-
currence of Ns clouds is relatively low (~6%) as compared to
the other clouds discussed so far. Ns are rain-bearing clouds and
dominate in contributing to the precipitation production. These
clouds are limited in their occurrence within ~400 km from the
eye of the cyclones with their tops reaching ~10 km. Thus, the
outflows from the DC clouds can trigger the formation of Ci,
As, and Ns clouds and influence their frequency of occurrence
in tropical cyclones.

Fig. 4(e) shows the composite height distribution of frequency
of occurrence of Ac clouds as a function of the radial distance
from the eye of the cyclone. The figure shows a peak frequency
of occurrence of 10% near to the eye. The horizontal extent of
these clouds is very large and comparable to that of Ci clouds.
Even though the Ac clouds are not important for their con-
tribution to the precipitation production, these clouds play a
significant role in radiative forcing. Fig. 4(f) shows the com-
posite distribution of frequency of occurrence of Sc clouds as a
function of the radial distance from the eye of the cyclone. From
this figure, it evident that the Sc clouds most frequently occur
near the eye of the cyclone with a peak frequency of occurrence
of ~15%. The tops of Sc clouds are confined to ~2.5 km and
these clouds can form up to a horizontal distance of 600 km
region around the cyclone. It is well known that the dynamical
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Fig. 6. Comprehensive view of the frequency of occurrence of various cloud
types embedded in the tropical cyclones. The contour intervals are not the same
for all the clouds. White, cyan, yellow, green, blue, magenta, and red colors for
Ci, As, Ac, Sc, Cu, Ns, and DC clouds, respectively.

response of ascending air in the DC clouds near the eye wall
of the cyclone will induce descending motion in the eye of the
cyclone and the descending air is responsible for the cloud-free
zone in the eye. However, the low-level convergence of mois-
ture in the eye results in the formation of Sc clouds, whose
vertical development is inhibited by the downdrafts initiated by
the adjacent DC clouds. The downdrafts in the eye give rise to
an inversion layer in the lower troposphere that acts as a lid
to the raising air, thus limiting the vertical development of the
clouds. Apart from Sc clouds, it is also common to observe the
Cu clouds in the eye. Fig. 4(g) shows the composite height dis-
tribution of frequency of occurrence of Cu clouds as a function
of radial distance from the eye. The frequency of occurrence of
these clouds shows a peak of ~10% with their tops reaching up
to ~5 km. Reasonable amount of these clouds can be seen as far
as ~500 km from the eye. Most of these clouds are formed in
the shadows of the DC cloud outflows and under the downdraft
regions of cyclones. Most often Sc and Cu clouds are formed
adjacent to each other in cyclones. Thus, Fig. 4 depicts the com-
posite height distributions of various clouds as a function of
radial distance from the eye of a cyclone, which is consistent
with the conceptual models of tropical cyclones. An attempt is
also made to construct the composite cloud type distributions
separately for the ARB and BOB. The analysis revealed that
there are not many changes in the cloud-type distributions over
the ARB and BOB (figure not shown).

Furthermore, to have a comprehensive view of the cloud-type
distribution embedded in tropical cyclones, a contour map of
frequency of occurrence of all clouds is generated, as shown in
Fig. 6. This type of representation aids in visualizing what type
of clouds dominates in which part of the cyclone. The contour
intervals are not the same for all the clouds. The decrease of
cloud tops as a function of the radial distance from the eye is
more clearly seen in this figure. The peak in frequency of oc-
currence of the DC clouds is followed by the Ci cloud peak.
There are distinct regions showing the peak in the frequency
of occurrence of various clouds embedded in the cyclone. For
example, the Ns clouds show their frequency of occurrence at
distant bands from the cyclone’s eye in Fig. 6 with decreasing
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frequency of occurrence from one band to another. Overall, the
mean cloud-type distribution (mean over 0—1000 km horizon-
tal extent of cyclones) is investigated. The consistency of the
cloud distribution discussed in the present study with that of the
conceptual models is very encouraging. Thus, the present study
brought out the composite vertical structure of cloud types in the
tropical cyclones for the first time using CloudSat observations.

IV. CONCLUSION

CloudSat observations of tropical cyclones formed in the
North Indian Ocean during the years 20062014 are investi-
gated to construct the composite cloud type distribution em-
bedded within tropical cyclones. It is found that the DC clouds
are always accompanied by As and Ci clouds and their peak
frequency of occurrence is ~50% at ~50-100 km radial dis-
tance from the cyclone’s eye. The Ci cloud distribution showed
apeak frequency of occurrence of 30% (at ~14—15 km altitude)
at around ~200 km radially from the eye. The distribution of
As clouds showed some discrepancy with respect to the present
understanding of these clouds. The Sc clouds are observed in
the center of the cyclone as their vertical growth is inhibited
by the downdrafts induced by the adjacent DC clouds. The Cu
clouds are observed in the shadows of the DC cloud outflows
and the significant amounts of these clouds are seen as far as
~500 km radially from the center of the eye. Overall, the present
study shows that on an average, the tropical cyclone consists of
following distribution of clouds: Ci ~ 20%, As ~ 15%, Sc ~
5%, Cu ~ 5%, Ns ~ 15%, and DC ~ 15%. The composite
cloud type distribution discussed in the present study can be
employed to understand the latent and radiative heating of the
cyclone environment, which depend on the type of the clouds
and play a major role in cyclone dynamics. This will be the topic
of our research in near future. Thus, the present study brought
out the three-dimensional distribution of cloud types and as-
sociated dynamics in and around tropical cyclones using the
CloudSat observations for the first time. It is envisaged that the
results discussed in the present study will have implications in
understanding the role of clouds and their associated dynamics
in intensifying and sustenance of the cyclones.
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Abstract Vertically resolved multi-layer cloud distribu-
tions over the globe using 4 years of CloudSat/CALIPSO
observations during 2007-2010 are discussed. The quanti-
tative information on the frequency of occurrence of one-
to five-layered clouds across the globe is established, which
are of immense importance from the global climate stand-
point. After segregating the CloudSat observations into
different seasons, the 4 years of mean global maps of fre-
quency of occurrence of one to five-layered clouds are dis-
cussed in details. These global maps provide much needed
quantification of vertically resolved multi-layer clouds by
revealing when and where the frequency of occurrence of
multi-layer clouds are maximum including the number of
layers. On an average, it is observed that over the globe
one-, two-, three-, four- and five-layer clouds occur 53,
20, 3.5, 0.4 and 0.04 % of the time respectively. High frac-
tion of single layer clouds is observed over the descending
limbs of Hadley cell where relatively large lower tropo-
spheric stability is found. The regions where multi-layer
clouds are more frequent are identified and discussed along
with large scale circulation. Apart from quantifying the fre-
quency of occurrence of multi-layer clouds, the latitudinal
distribution of zonal mean occurrence of cloud base and
top altitudes of each cloud layer is constructed for boreal
winter and summer. These analyses provide the cloud base
and top altitudes of one to five-layered clouds, which are
important to understand the vertical structure of the multi-
layered clouds. The significance of the present study lies in
establishing the global distribution of vertically resolved

< K. Venkata Subrahmanyam
kvsm2k @gmail.com

Space Physics Laboratory, Vikram Sarabhai Space Centre,
Thiruvananthapuram 695022, India

multi-layer clouds and the role of large-scale dynamics in
controlling their distribution for the first time.

Keywords Multi-layered clouds - Large-scale circulation -
CloudSat

1 Introduction

Owing to its importance in hydrological cycle, general
circulation and radiative forcing, any aspect of clouds is a
cynosure to meteorologists as well as common men across
the globe. As the accurate representation of cloud processes
and their feedback in the general circulation models are the
need of the hour, cloud studies have been placed at a high
pedestal by the meteorological community. By now, it is
well established that the clouds remain the largest uncer-
tainty in climate model forecasts (Stephens 2005; Randall
et al. 2007). By interacting with both short- and long-wave
radiation, clouds play crucial role in the radiative budget at
the surface, within and at the top of the atmosphere. Under-
standing of the atmospheric radiative heating and latent
heat release associated with clouds are central to any study
dealing with general circulation as well as precipitation.
Realizing the importance of clouds in Earth’s radiation
budget and hydrological cycle, a host of studies carried out
in the past to divulge this ubiquitous feature of the earth’s
atmosphere. Most of these studies emphasized the impor-
tance of cloud vertical structure on atmospheric circula-
tions, including the effects of variations of cloud top and
base heights, cloud-layer thicknesses, and the vertical dis-
tribution of multilayered clouds as they significantly mod-
ify vertical and horizontal gradients in radiative and latent
heat fluxes (Webster and Stephens 1984). The unanimous
view of many of the atmospheric researchers is that the
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detection of multi-layered clouds is important from climate
standpoint and any attempt to quantify the global warming
should include the radiative impacts of clouds (Gupta et al.
1992; Wielicki et al. 1995; Wang et al. 2000; Chen et al.
2000). Thus it is important to have quantitative measure-
ments of the geographic distribution and variations of cloud
vertical layers.

There were studies in the past, which emphatically
showed the cloud effects on the general circulation (Slingo
and Slingo 1988; Randall et al. 1989; Wang and Rossow
1998). Especially, Randall et al. (1989) examined the
response of the atmospheric circulation by varying the
cloud vertical distributions in the models. These authors
confirmed that the circulation is sensitive to the vertical
distribution of clouds, which modifies the vertical radia-
tive heating of the atmosphere. Wang and Rossow (1998)
performed a series of experiments using the NASA God-
dard Institute for Space Studies General Circulation Model
(GCM) to study the effects of vertical distribution of
clouds on atmospheric circulations. These authors focused
on the importance of the vertical structure by exploring
quantitatively the different effects between single- and
multi-layered clouds. One of the important findings of
this study was that the vertical gradients in the cloud dis-
tribution were more important to the circulation strength
than horizontal gradients. Rossow et al. (2005) pointed
out that the key to understand the cloud—dynamical feed-
back is determining the nature of the relation of radiative
and latent heating rate profiles induced by cloud vertical
structure. Mace et al. (2007) reported that the vertical dis-
tribution of zonally averaged hydrometeor occurrence and
showed the relationship of clouds with components of the
atmospheric general circulation. So, it becomes inevita-
ble to establish the vertical distribution of clouds and to
study their role in modifying the atmospheric circulation
for better understanding of cloud feedback mechanisms in
totality.

The ground based observations using Radars, Lidars and
radiosondes provided much needed microphysical proper-
ties of clouds, which lead to better understanding of precip-
itation and radiative properties of the clouds. Even though
the ground based techniques provide a wealth of informa-
tion on clouds, they are not capable of providing the spatial
distribution of clouds and their properties on large scale.
On the other hand, the regional as well as global distribu-
tion of clouds is provided by space based observations.
Most of the space based passive remote sensing techniques
provide the two-dimensional distribution/properties of
clouds. Most available satellite measurements from nadir
pointing passive remote sensing instruments are limited to
retrieval of information about the uppermost cloud layer
or column-integrated properties whereas active remote
sensing techniques provide the vertically resolved cloud

@ Springer

properties thus providing three-dimensional perspective of
the clouds (Simpson et al. 1988).

The spaced based active remote sensing instruments are
providing extensive observations on vertical distribution of
clouds. The importance of having multi-layer cloud infor-
mation has been realized very early and many attempts
were made in the past to retrieve the same. Baum et al.
(1995) proposed a method to retrieve the multi-layer cloud
properties from AVHRR observations using a modified
multispectral, multiresolution method. Using this method
these authors discriminated the single- and multi-layer
clouds. Wang and Rossow (1995) established a method that
uses the rawinsonde observations to determine cloud verti-
cal structure. In a seminal study, Wang et al. (2000) reported
climatology of cloud vertical structure using 20-years of
global rawinsonde observations of humidity profiles. This
climatology provided much needed information about sin-
gle layer and multi-layer clouds including top and base
heights along with thickness of each layer. However, this
study was limited to the rawinsonde stations spread over
the globe and could not provide the complete picture of
multi-layer cloud distribution across the globe. Later,
Huang et al. (2005) proposed a multi-layer cloud retrieval
system by combining satellite visible and infrared radi-
ances and surface microwave radiometer measurements.
However, this detection method works only in non-precipi-
tating conditions. On the other hand, recent cloud radar and
lidar observations onboard CloudSat and CALIPSO respec-
tively as a part of the A-Train mission providing a wealth of
information on the three-dimensional distribution of clouds
on a global scale (Stephens et al. 2002). The combination
of passive and active remote sensing instruments operating
in the A-Train mission providing unprecedented informa-
tion on cloud vertical structure, aerosol climate effects, and
more accurate estimates of surface long-wave fluxes and
atmospheric heating rate profiles. Luo et al. (2009) docu-
mented the seasonal variations in occurrence frequency and
location of single- and multi-layer hydrometeors. Wu et al.
(2009) investigated the differences/similarities of verti-
cal distributions of cloud occurrence frequency from vari-
ous passive and active sensors. Recently, Li et al. (2011)
accessed the radiative impacts of single and multi-layered
clouds using A-Train observations. The results indicated
that the multi-layer clouds have a significant impact on
radiation budget due to their high frequency of occurrence
globally and obvious radiative effect differences with that
of single layered clouds. However, this study didn’t distin-
guish how many layers are there in the multi-layer clouds.

The above discussion thus emphasizes the importance
of cloud vertical structure for climate related studies. How-
ever, there are very few studies in the past focusing on this
issue, especially using satellite based active remote sens-
ing techniques. In this regard, a study is carried out with
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a central objective of addressing the multi-layer cloud
structures across the globe using 4 years of (2007-2010)
CloudSat and CALIPSO observations. The present study
describes the geographical distribution and frequency of
occurrence of multi-layered clouds, which are resolved into
one-, two-, three-, four- and five-layer clouds across the
globe. As most of the earlier studies did not further classify
the multi-layered clouds into two-, three-, four- and five-
layer clouds, the present study focus on this issue, which is
a relatively new component in the ongoing studies of verti-
cal structure of clouds. An attempt is also made to discuss
the manifestation of large-scale circulations in geographi-
cal distribution of multi-layer clouds. Section 2 describes
the data and methodology. Results are discussed in Sect. 3
and Sect. 4 summarizes the findings.

2 Data and methodology

With the launch of Cloud Profiling Radar (CPR) on-board
CloudSat in early June 2006 and Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) on-board CALIPSO in
late April 2006, unprecedented information on vertical dis-
tribution of hydrometeors are available for the atmospheric
research community. CloudSat and CALIPSO observa-
tions have been extensively used in the recent past to study
the cloud vertical structure. For the present study, we use
2B-GEOPROF-LIDAR, a combined auxiliary product of
CloudSat and CALIPSO observations. This product is pro-
duced by extracting the maximum information from the
combined potentially spatial overlap region by radar and
lidar sensors. This product provides information on the
parameters related to vertical structure of clouds, which
includes the location of cloud layers in the vertical column,
cloud base, cloud top and number of cloud layers. The
cloud profiling radar onboard CloudSat operates at 94 GHz
with cross- and along-track resolution of 1.4 and 1.7 km
respectively. With ~240 m vertical resolution, this radar can
probe optically thick large-particle layers. However, Cloud-
Sat is not sensitive to optically thin clouds. On the other
hand, the Lidar on board CALIPSO owing to its shorter
operating wavelength (532 nm) has ability to sense opti-
cally thin layers and tenuous cloud tops with vertical reso-
lution as high as 30 m. Details of CloudSat and CALIPSO
can be found in Stephens et al. (2008) and Winker et al.
(2007) respectively. The synergy between these two instru-
ments can nearly provide a complete picture of cloud dis-
tribution across the globe. Mace et al. (2009) suggest that
greater than 90 % of cloud layers are correctly identified as
cloud, by making use of the combination of the CloudSat
and CALIPSO observations.

The 2B-GEOPROF-LIDAR product contains the
combined cloud mask information, which indicates the

confidence level in detection of clouds, ranging from 0 to
40. A cloud mask of 30—40 indicates the high-confidence
detections and less false detections (i.e., less than 2 % for
30 and less than 0.2 % for values of 40). More details on
CloudSat products can be found in the CloudSat Data Prod-
ucts Handbook (http://www.cloudsat.cira.colostate.edu).

Four years (2007-2010) of 2B-GEOPROF-LIDAR data
product have been used for the present study with cloud
mask of 30—40. The maximum number of cloud layers
provided by this product is five. From this product, sea-
sonal variations in frequency of occurrence of one-, two-,
three-, four-, and five-layered hydrometeors are deter-
mined over the globe. First, the observations are gridded
into 2.5° x 2.5° (longitude x latitude) for each season
and then frequency of occurrence of each cloud layer are
determined within the grid. Table 1 illustrates the method
followed to determine the frequency of occurrence of each
layer. In each grid, the number of occurrence of each layer
is counted and the same is normalized by the total number
of CloudSat observations in each grid. Following this pro-
cedure, the seasonal variation in frequency of occurrence of
each cloud layer is determined across the globe. For inter-
preting the observed geographical distribution of multi-lay-
ered clouds in terms of large-scale circulation, Modern Era
Retrospective analysis for Research Application (MERRA)
data during the present observational period are used to
estimate the meridional mass stream function (MSF) and
vertical velocities. The details of MERRA reanalysis can
be found in Rienecker et al. (2011).

3 Results and discussion

By adopting the method described in Sect. 2, we quantified
the frequency of occurrence of various cloud layers ranging
from one- to five-layers. The observations are categorized
into four seasons viz., December—January—February (DJF),
March-April-May (MAM), June-July—August (JJA) and
September—October—November (SON). For each season,
4 years of observations during 2007-2010 are averaged to
obtain the mean global distribution of each cloud layer. Fig-
ure la—d shows the mean seasonal variation of frequency of
occurrence of single layer clouds during DJF, MAM, JJA
and SON over the globe respectively. The striking feature
of this figure is, the high frequency of occurrence of sin-
gle layer clouds during all the seasons over the Southern
Ocean. The single layer clouds more or less uniformly dis-
tributed over the entire longitudinal belt over 60°-70°S.
The frequency of occurrence of single layer clouds over
this region ranges from 60 to 70 % with minimal seasonal
variations. However, a close look at Fig. la, c reveal that
the frequency of occurrence of single layered clouds over
Southern ocean is relatively high during Austral summer as
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Table 1 Illustration of the method followed to determine the frequency of occurrence of multi-layer clouds
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Fig. 1 Four years mean seasonal variation of frequency of occurrence of single layer clouds during a DJF, b MAM, ¢ JJA and d SON across the

globe

compared to winter. From International Satellite Cloud Cli-
matology Project (ISCCP), it is known that the mean cloud
fraction over the Southern Ocean is about ~0.79 (Rossow
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and Schiffer 1999). Trenberth and Fasullo (2010) reported
that the climate model errors in simulating top of atmos-
phere fluxes over the Southern ocean are among the largest
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anywhere in the world. In this regard, any information on
these cloud regimes becomes very important to accurately
represent them in climate models. These recent model
simulations emphasized the importance of having quantita-
tive information on these cloud regimes. Recently, Haynes
et al. (2011) using multiple datasets of ISCCP and Cloud-
Sat—CALIPSO observations investigated the characteristics
of Southern ocean cloud regimes and their effects on the
energy budget. These authors reported the vertical struc-
ture of the clouds as well as the occurrence of precipitation
over the Southern Oceanic region. The present study also
emphatically bring out the seasonal variations in distribu-
tion of single-layered cloud over the Southern Ocean and
further discussion on vertically resolved multi-layer clouds
over this region, which is relatively new compared to ear-
lier studies, will be presented later in this section.

Apart from Southern and Northern hemispheric high
latitudes, high fraction of single layer clouds also occur
over the South Pacific Ocean near west coast of the South
America (~ at 20°-30°S latitudinal belt) and over the South
Atlantic Ocean near west coast of South Africa. These two
cloud regimes show pronounced seasonal variation with
maximum occurrence during SON (~80 %) and mini-
mum during MAM (~60 %). An additional patch of high
fraction of single layered clouds occurs over the North
Pacific Ocean near west coast of the North America (~ at
20°-30°N latitudinal belt), which shows maximum dur-
ing JJA and minimum during DJF. On the other hand, very
low frequency of occurrence of one-layered clouds can be
noticed from Fig. la—d over the North and South Africa,
the Middle-East and Australia over the 20°-30° latitude
belt in both the NH and SH. Even though the low frequency
of occurrence of one-layered clouds is observed over the
same geographical locations during all the seasons, they
exhibit pronounced seasonal variation in magnitude with
very low fractions during JJA in both the hemispheres.
However, it is very interesting to note the couplet of low
and high fraction of one-layer clouds over the descend-
ing branch of the Hadley cell, which is more prominently
seen during JJA over the west coast of South Africa and
South America. It is expected to be cloud free zone over the
descending branch of the Hadley cell. Over the land, the
driest regions are found over the descending branches of
Hadley Cell. However, over the oceanic regions of Hadley
Cell descending branch, due to availability of moisture in
the lower levels, single layer clouds can form as observed
in Fig. 1. A detailed discussion on Hadley cell circulation
and their relation to single layer clouds will be discussed
later in this section. Apart from above-mentioned regions,
relatively high fraction of single layer clouds are observed
over the Himalayan mounts in the 30°-35°N latitudes. The
occurrences of single layered clouds are observed dur-
ing all most all the seasons with occurrence frequency of

50-60 %. During the DJF i.e. boreal winter, the weather
over these regions is dominated by Western disturbances
(Dimri et al. 2015) and during JJA i.e., boreal summer by
Asian summer monsoon. The topographical features of this
region plays vital role in observed cloudiness over these
regions during winter and summer seasons. One more strik-
ing feature of Fig. la—d is the high occurrence (~60 %)
of single layer cloud over Northern Hemisphere high-
latitudes. Over this region, the frequency of occurrence
of one-layered clouds is high over the oceans compared
to land. One can notice the strong seasonal variation with
winter maximum in single layered cloud occurrence over
Pacific and Atlantic Ocean at latitudinal belt of 40°-60°N.
It is also interesting to note the band of propagating clouds
over the Atlantic Ocean sandwiched between Europe and
Green Land, coinciding with the midlatitude storm tracks
(Hoskins and Hodges 2005; Bengtsson et al. 2006; Yuan
et al. 2009; Dong et al. 2013). Unlike over Southern ocean
where single layered clouds uniformly distributed along
the longitude, over Northern high latitudes, single layered-
clouds are not uniformly distributed. Thus the seasonal var-
iations in frequency of occurrence of single layered clouds
are brought out using the 4 years of combined observations
of CloudSat and CALIPSO. The distribution of single lay-
ered cloud occurrence and their association with large scale
circulations will be discussed later in this section.

Figure 2a—d shows the distribution of two-layered clouds
during the DJF, MAM, JJA and SON seasons. Most of the
earlier studies, distinguished the single and multi-layer
clouds. However, the multi-layer clouds were not further
classified into two-, three-, four- and five-layered clouds.
In the present study, the multi-layer clouds are further clas-
sified into different layers as mentioned earlier, which is
relatively a new component of the present study. One more
interesting inference that can be drawn from Figs. 1 and 2
is the frequency of occurrence of single layered cloud is
high over oceans, whereas in the case of two-layered cloud
it is high over land, especially over the low latitude-equa-
torial belt. One can notice the migration of Inter Tropical
Convergence Zone (ITCZ) from South to North and back
during DJF to SON. Over the equatorial region, the high
frequency of occurrence of two-layer clouds (~40 %) is
observed over South America, Central Africa and Indone-
sian regions during all the seasons with maximum during
DJF and minimum during JJA over the 5°S-5°N latitudes.
The locations of relatively high frequency of occurrence
of two layered clouds over the equatorial regions more or
less coincide with the ascending limbs of the Walker cir-
culation. Walker circulation and its association with multi-
layer clouds will be discussed later in this section. During
the JJA, there is an increase in the frequency of occurrence
of two-layered clouds over Indian sub-continent and sur-
rounding oceans, which persist during SON also. This
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Fig. 2 Same as Fig. 1 but for two-layer clouds

observation can be readily attributed to the presence of
Indian summer monsoon circulation over this region, which
is dominated by the formation of various kinds of clouds
such as cumulus, stratocumulus, cirrus etc. (Subrahman-
yam and Kumar 2013). Over Southern Ocean also, there
is relatively high frequency of occurrence of two-layered
clouds, which are spread across the longitudes similar to
single layer-clouds shown in Fig. 1. However two-layered
clouds are relatively discrete as compared to one-layered
clouds over this region. Apart from these regions, over Arc-
tic and North Pacific oceanic regions also one can notice
the relatively high frequency of occurrence of two-layered
clouds. Thus the global distribution of two-layered clouds
is quantified and the regions with high frequency of occur-
rence of these clouds are identified.

Figure 3a—d depicts the three-layered cloud distribution
over the globe during the above-mentioned four seasons.
The three-layered cloud distribution is more or less similar
to two-layered cloud distribution shown in Fig. 2. The low
frequency of occurrence of three-layered clouds is again
observed over the descending branch of Hadley cell. The
signature of descending branch of Hadley cell is more pro-
nounced in three-layered clouds and the white patches in
the Fig. 3 indicate that there were no three-layered clouds
at all over that particular region during the observational
period. Over the Southern Ocean, three-layered clouds
are observed but very discrete in nature. Over this region,
there is a seasonal variation in the occurrence of three
layered clouds with maximum occurrence during Austral
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winter. Apart from Southern oceanic regions, a frequency
of occurrence of 15-20 % in three layered cloud formation
can be noticed over Indian sub-continent and surround-
ing oceanic regions during boreal summer season, which
can be directly attributed to the Indian summer monsoon.
Abundance of deep convective clouds are formed during
the Indian summer monsoon period and produces a copious
amount of cirrus clouds, which are formed form the anvil of
deep convective clouds and spread by the tropical easterly
jet. Moreover, during this season, the monsoon low level
jet brings moisture from the adjacent oceans to the Indian
sub-continent thus aiding the formation of clouds. The pre-
vailing dynamics during this season is dominated by low
level jet in the lower troposphere and tropical easterly jet
in the upper troposphere. It is believed that the shears asso-
ciated with these jets play a vital role in the formation of
multi-layered clouds by smearing the clouds. During the
Austral summer also relatively high frequency of occur-
rence in these clouds are observed over ITCZ, especially
over land regions viz., South America, Central Africa and
Indonesia. These regions again coincide with the ascend-
ing limbs of walker circulation as discussed in the case of
two-layered clouds. Overall, many of the features of three-
layered cloud distribution are similar to that of two-layered
cloud distribution.

Figure 4a—d shows the frequency of occurrence of four-
layered clouds over the globe during DJF, MAM, JJA and
SON seasons. Even though the frequency of occurrence is
very low compared to two- and three-layered clouds, the
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note ~5 % of four-layered clouds over isolated pockets of
Southern Oceanic region, especially during Austral Sum-
mer. The distribution of five-layered clouds for all the four
seasons is shown in Fig. 5a—d. From this figure, it is evi-
dent that the frequency of occurrence of five-layered clouds

geographical locations, where the maximum occurrence of
four-layered clouds is found, are the same. The notable fea-
tures very similar to Figs. 2 and 3 are the equatorial max-
ima during almost all the seasons and pronounced maxima
during JJA over the Indian sub-continent. However, one can
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Fig. 5 Same as Fig. 1 but for five-layer clouds

is very low and limited to few geographical locations over
the globe. The equatorial belt has the maximum occurrence
of five-layered clouds during all the seasons compared to
all other latitudinal belts, except during JJA, where maxi-
mum occurrence shifts to Indian sub-continent as in the
case of other multi-layer clouds. During the JJA, as dis-
cussed earlier, Indian summer monsoon sets over the Indian
subcontinent and the winds over this region is dominated
by low level westerly jet in the 1-2 km region and tropi-
cal easterly jet in the 14-16 km region. The wind shears
generated by these two jets in the lower and upper tropo-
sphere may play a crucial role in formation of multi-layer
clouds (Sathiyamoorthy et al. 2004). Further, the latent heat
released in the monsoon clouds over this region modifies
the tropospheric thermal structure thus altering the vertical
structure of static stability, which is important for the cloud
formations and its vertical development (Houze 1982; Bhat
et al. 2002). One more important observation from Fig. 5
is the occurrence of five-layered clouds over the midlati-
tude storm tracks, which are very prominently seen in the
Southern Pacific and Atlantic Oceans during all the sea-
sons. In the Northern Hemisphere also one can notice the
occurrence of five-layered clouds over the Atlantic Ocean
storm track. These observations of multi-layer cloud dis-
tribution over storm track assumes their importance as
there are reports, which suggest that these storm tracks are
shifting towards the poles and becoming narrower (Bender
et al. 2011). To assess the consequence of this storm track
shifting towards the poles and their effect on clouds and
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radiation budget, it becomes obvious to characterize the
vertical structure of clouds over these regions.

In order to study the role of large scale circulation in the
formation of one to five layered clouds depicted in Figs. 1,
2, 3, 4 and 5, we have analyzed global circulations viz.,
Hadley and Walker circulation along with the lower tropo-
spheric stability (LTS). To examine the role of large-scale
circulation in formation of persistent clouds over Southern
Ocean, the annual mean meridional mass stream function
(MSF) is estimated using MERRA reanalysis data. The
MSF can be used to delineate the large-scale meridional
circulation of the atmosphere. Figure 6 shows the annual
mean MSF derived using monthly mean meridional winds
during the observational period. The positive values of
MSF indicate the clockwise circulation and negative values
the anti-clockwise circulations. From this figure it can be
noted that the annual mean ascending limb of the Hadley
Cell is located slightly off the equator into the NH. How-
ever, the location of ascending limb of Hadley Cell show
pronounced seasonal variation, which migrates from SH to
NH during Austral Summer to boreal summer (figure not
shown). From Fig. 6, it can be noted that at around 60°S
there exists a rising limb of Polar cell. The vertical motions
over these latitudes aid in transporting water vapor up in
the atmosphere thus resulting in formation of clouds. The
rising limb of Northern hemispheric Polar cell over 60°N
as shown in Fig. 6, plays a key role in the formation of
clouds observed over Northern Hemisphere (NH) high lat-
itudes as in the case of their Southern Hemispheric (SH)
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Fig. 6 Annual mean meridional mass stream function calculated using MERRA re analysis data during observational period

counter parts. However, over NH the maximum cloudiness
is confined to oceans, which can be attributed to the avail-
ability of water vapor in the ascending limbs of Polar Cell.
The high fraction of single layered cloud regimes observed
over west coast of the South America, South Africa and
North America (~ at 20°-30° latitudinal belt in respective
hemisphere) coincide with the descending branches of
Hadley cell as shown in Fig. 6 on either side of the equator.
At the same time, the spatial distribution of multi layered
clouds depicted in Figs. 2, 3, 4 and 5 show very low cloud
amounts over above mentioned regions consistent with the
descending branch of Hadley cell. Thus it is clear from
Fig. 2 that unambiguous Hadley cell signature can be found
in multi-layer cloud distribution rather than single-layered
cloud distribution shown in Fig. 1. However, the pressure—
latitude section of MSF shown in Fig. 6 is a zonal mean
representation of Hadley cell where as the multi layered
cloud distribution shown in Figs. 1, 2, 3, 4 and 5 is zon-
ally resolved. To investigate the zonally resolved Hadley
cell, the vertical velocity data from MERRA reanalysis is
examined at 500 hPa level (figure not shown). This analy-
sis clearly shown the subsidence over the regions of high
fraction of single layered clouds observed in the 20°-30°
latitude belt of both the hemisphere as shown in Fig. 1.
As mentioned earlier, to study the lower atmospheric sta-
bility, we estimated LST. Figure 7a—d shows the 4 year
(2007-2010) average LTS derived from monthly re-analy-
sis data during DJF, MAM, JJA and SON respectively. LTS
is derived using potential temperature difference between
700 and 1000 hPa levels (Klein et al. 1995). The physical

significance of LTS is that it indicates the vertical growth
of clouds. Cloud may not vertically grow, if LTS is high
and thus they may be confined to the lower levels of the
atmosphere. From Fig. 7, it is evident that LTS is high over
the regions where the occurrence of single-layered cloud is
more especially over descending branches of Hadley cell.
We also investigated the seasonal variation of CAPE using
COSMIC observations and their relation to occurrence
of multi-layered clouds. The seasonal evolution of CAPE
using COSMIC was reported by Narendra Babu et al.
(2010). It is observed that the locations of high CAPE mag-
nitude are coincident with the region of multi-layered cloud
during all seasons.

Figure 8 shows the annual mean pressure—longi-
tude section of vertical velocities (in Pa/s) averaged over
10°S—10°N latitudinal belt, which are obtained from
MERRA reanalysis data. The positive values indicate the
ascending motion and negative values the descending
motion. From this figure, it is evident that there are three
distinct regions of ascending motion over the South Amer-
ica, Central Africa and Indonesia reaching up to 200 hPa
level (~14 km). The ascending limb over Indonesia is wide
spread as compared to that of other two regions. These
ascending limbs show pronounced seasonal variability in
both, locations and intensities of ascending limbs. These
ascending limbs play a vital role in formation of clouds and
the background horizontal winds and thermal structure are
also important in formation of multi-layered clouds. The
studies on the formation of multi-layered clouds associated
with ascending limbs of Hadley cell and Walker cell are not
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Fig. 8 Pressure-longitudinal section of climatological mean vertical velocities averaged over 10°S—10°N latitudinal belts

readily available in the literature. However, there are stud-
ies on occurrence of deep convective systems over these
regions (Zipser et al. 2006). Deep convective clouds over
these regions transport the moisture into the upper tropo-
sphere there by facilitating the formation of cirrus clouds.
The detachment of anvils from the deep convective systems
also contributes to the formation of cirrus clouds. Thus the
geographical location of ascending limbs of Walker circu-
lation coincides with the peaks of frequency of occurrence

@ Springer

of multi layered clouds over low latitude and equatorial
regions.

After constructing the climatology of one-, two-, three-,
four- and five-layered clouds across the globe, an effort
is made to further quantify the occurrence of multi-layer
clouds in terms zonal mean frequency of occurrence. Fig-
ure 9a—d shows the zonal mean frequency of occurrence
of one-, two-, three- and four-layered clouds respectively.
The each latitudinal distribution curve shown in Fig. 9 is
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Fig. 9 The latitudinal and seasonal distribution of zonal mean frequency of occurrence of a single, b double, ¢ triple and d four-layer clouds

the 4 years mean. Form this figure, it can be noted that
the single layer cloud distribution exhibits two peaks, one
over Southern Hemispheric high latitudes and another over
Northern Hemispheric high latitude coinciding with the
ascending limb of Polar Cell. The minimum in frequency
of occurrence of one-layered clouds is observed over the
Tropics as shown in Fig. 9a during all the seasons. As men-
tioned earlier, there is very little seasonal variation in fre-
quency of occurrence of single layered clouds. However,
over Southern Oceanic region occurrence of single layer
clouds are relatively more during Austral summer as com-
pared to Austral winter. The zonal mean latitudinal distribu-
tion of two-layered clouds depicted in Fig. 9b reveals three
peaks. Two peaks are found over the same region as in the
case of single layered cloud distribution shown in Fig. 9a.
However, there is an additional peak over the equator in
the two-layered cloud distribution, which can be attributed
to the presence of ascending limbs of Walker circulation
over these regions. Over the ascending limb of Walker cir-
culation, the moist air is pumped up into the atmosphere
resulting in the formation of clouds (Liu and Zipser 2005;
Zipser et al. 2006). Depending on the stability of the
atmosphere cumulus or deep convective systems form over
these regions. Further the anvils of deep convective systems
may detach to form cirrus clouds, which on descending to
lower heights can form mid-level clouds such as alto stratus
clouds. So it is envisaged that the regions over the Walker
circulation are conducive for formation of multi-layered

clouds. The minimum in frequency of occurrence of two-
layered clouds observed over 20°-30° latitude belt over
both the hemispheres in Fig. 9b correspond to the descend-
ing branch of Hadley cell. The presence of downdrafts over
these regions will not be favorable for formations of multi-
layered clouds. It can also be noticed from the Fig. 9b that
during JJA two-layered cloud occurrence is maximum over
tropical latitudes, where the occurrence of single-layered
cloud is less. It can be also noted that the Southern Hemi-
spheric high latitudes show maximum two-layered cloud
occurrence during winter and minimum during summer
whereas the low-latitudes show the exactly the opposite
i.e., maximum during summer and minimum during win-
ter. There is no systematic seasonal variation over Northern
Hemispheric high latitude in the occurrence of two-layered
clouds, which show maximum during SON. However, the
Northern Hemispheric low-latitude follows the expected
pattern showing maximum during summer and minimum
during winter. The 4-year zonal mean latitudinal distribu-
tions of three-layered clouds are shown in Fig. 9c, which
is very similar to Fig. 9b except for magnitudes. The SH
exhibits pronounced seasonal variation in three-layered
cloud distribution as compared to the NH. Figure 9d depicts
the zonal mean four-layered cloud distribution, which also
exhibits similar variations as two and three cloud layers.
The zonal mean five-layered cloud distribution was also
estimated (not shown), which shows preferential peak over
the tropical latitude. The occurrence of five-layered cloud is
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more over 0°-20°S latitude during DJF and MAM seasons,
while it is more over 0°-20°N latitudes during JJA and
SON periods. Thus Fig. 9 shows the zonal mean latitudinal
distribution of various cloud layers. We have evaluated the
interannual variation of all the cloud-layers and found that
there is no significant variation except for maximum occur-
rence of all the cloud layers. From this figure, it is evident
that the occurrence of three- and four-layered clouds are
more over the tropical latitudes compared to other latitudes.
Over all, it is observed that on an average over the globe
one-, two-, three-, four- and five-layered clouds occur at
53, 20, 3.5, 0.4 and 0.04 % frequency respectively. Thus
the present study brought out the preferential locations for
multi-layered cloud formations and the role of large-scale
dynamics in controlling their distribution.

After establishing the distribution of multi-layer clouds,
an attempt is made to establish the vertical distribution of
cloud top and base of single as well as multi-layer clouds
across globe. However, it is difficult task to present the
above-mentioned parameters across the globe as it is not
practical to average the cloud parameters in a grid. For
example, in a given grid of 2.5° x 2.5°, if we estimate
the mean cloud base or top of one-layer cloud, it can be
misleading as there can be a cirrus cloud with high base/
top or a cumulus cloud with low base/top. By averaging
these two different cloud bases one can end up with mis-
leading values. Thus the mean cloud top and base height
in a grid cannot be representative of a given region. The
alternative is to have a number of occurrences of various
cloud top and bases ranging from 0.25 to 18 km height with
0.25 km interval. Considering the volume of the data to
be processed and the number of illustrations to be made,
the analysis is restricted to the summer and winter of the
year 2007. First, the number of occurrences are estimated
over the entire globe in 2.5° x 2.5° and the same is aver-
aged across the longitudinal belt to provide zonal mean
occurrences of particular cloud base and top as function of
latitude as shown in Figs. 10a—j and 11a—j for winter and
summer respectively. It is to be remembered that only the
number of occurrences is averaged but not the cloud base
and top. Left panel of Fig. 10 depicts the latitudinal distri-
bution of zonal mean occurrences of cloud bases of one-,
two-, three-, four- and five-layered clouds and the right
panel shows the respective tops for the winter season of
2007. The striking feature of the one-layered cloud base
latitudinal distribution shown in Fig. 10a is the high occur-
rence of very low level clouds with base ranging from 0.25
to 1 km over both Southern and Northern mid and polar
latitudes. However, the high occurrence of low level cloud
base is spread over several latitudes in the Southern hemi-
sphere as compared to its Northern counterpart. Over the
Northern hemisphere midlatitude region around 40°-50°N,
one can notice the secondary maximum in the occurrence
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Fig. 11 Same as Fig. 10 but for boreal summer of 2007

of cloud base altitudes ranging from 3 to 6 km, which is not
observed in the Southern hemisphere. Over the tropics, the
maximum occurrence of single layer cloud base takes place
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primarily in three bands, 0.5-2, 4-5 and 10-15 km in the
Southern hemisphere, where ITCZ prevails during boreal
winter and in the Northern hemisphere it is in the 0.5-2 and
12-15 km range. The cloud top occurrence corresponding
to the single-layered clouds is shown in the Fig. 10b, which
confirms that the most of the clouds observed over southern
ocean and North Atlantic are indeed shallow clouds. How-
ever, over Northern mid and polar latitudes the cloud tops
occur over a very wide band ranging from 1 to 10 km as
compared to their southern hemispheric counterparts. One
can notice the latitudinal structure of the tropopause, which
limits the cloud top altitudes. The cloud tops occur in two
bands (3—7 and 14-17 km) over the tropics in Southern
hemisphere and in one band in the Northern hemisphere
(14-17 km). Even though, we can roughly infer the cloud
type using their base and top altitudes, we restrict our dis-
cussion to their base and top altitudes.

Figure 10c, d shows the latitudinal distribution of zonal
mean occurrence of base and top altitude of two-layered
cloud for the boreal winter of 2007. It is to be remem-
bered that here we considered the base and top of all the
two-layered clouds, which is present in all the multi-layer
cloud regimes namely two-, three-, four- and five-layered
clouds. From this figure it can be noted that the two-layered
cloud bases exhibit similar distribution over mid and polar
latitudes of both the hemispheres, which ranges from ~3 to
10 km. Over the tropical latitudes, the Southern hemisphere
shows relatively more number of occurrence of two-layered
cloud base in the 9-15 km band and spread over 0°-20°S
latitudinal band whereas in Northern hemisphere it is lim-
ited to 0°-5°N. The latitudinal distribution of cloud top
altitude shown in Fig. 10d also exhibit similar features as
cloud base altitudes except that their altitudes are higher.
It is interesting to note that the cloud top altitudes reach
as high as 17 km in the tropics. Again, one can notice the
latitudinal structure of tropopause pronounced in the lati-
tudinal distribution of cloud top altitudes. The latitudinal
distribution of base and top altitudes of three-, four- and
five-layered clouds also shows the similar structure of two-
layered cloud and are shown in the Fig. 10e—j. The base
altitudes of three-layered cloud are in the range of 5-12 km
over the mid and polar latitude of both the hemisphere and
it is in the range of 12-16 km in the Tropics. The cloud
top altitudes of three-layer clouds is also in slightly higher
range as compared to their bottoms as shown in Fig. 10f
as expected. However, the four-layered cloud occurrences
are limited to tropical and midlatitudes and the five-lay-
ered cloud occurrence is limited to tropical latitudes only.
As mentioned earlier the occurrence of multi-layer clouds
are relatively more and spread over wider latitudinal band
in the southern hemispheric tropical latitudes as com-
pared to the Northern hemisphere, which can be attributed
to the position of ITCZ during the boreal winter. Similar

latitudinal distributions during the boreal summer of 2007
were carried out and are shown in Fig. 11a—j. The summer
time latitudinal distribution of base and top altitudes of var-
ious clouds exhibit similar features as that of winter time
distribution except that the maximum occurrence shifts
to Northern hemisphere from Southern hemisphere along
with the position of ITCZ. Thus for the first time, the cloud
base and top altitudes of multi-layer clouds segregated
into different layers are brought out using CloudSat and
CALIPSO observations. The frequency distribution of ver-
tically resolved multi-layered clouds and their base and top
altitudes discussed in the present study will have profound
implications in investigating the role of clouds in radiative
forcing of the atmosphere as well as in the general circula-
tion. At this juncture, where one of the largest uncertainties
in the present day climate models is thought to be the rep-
resentation of vertically resolved clouds and their feedback,
the results presented here assumes its significance.

4 Summary

For the first time, the frequency of occurrence vertically
resolved multi-layer clouds across the globe has been
established using 4 years of CloudSat Auxiliary prod-
uct 2B-GEPOROF-LIDAR. This merged CloudSat and
CALIPSO product can resolve cloud layers up to five. After
gridding the observations into 2.5° x 2.5°, they were seg-
regated into four seasons. Four years mean global distribu-
tion of one-, two-, three-, four- and five-layered clouds are
constructed and discussed in details. Interesting features
such as very high frequency of occurrence of single layer
clouds over Southern Ocean, midlatitude storm tracks, west
coast of South America and South Africa and their associa-
tion with large-scale circulations are discussed. The signa-
ture of descending branches of Hadley cell is very clear in
multi-layered cloud distribution maps as compared to that
of single-layered cloud distribution. Three regions over the
equator (South America, Central Africa and Indonesia) are
identified where more frequently multi-layer clouds occurs.
These regions coincide with the ascending limbs of Walker
circulation. It is also observed that the maximum occur-
rence of multilayer clouds migrates along with the move-
ment of ITCZ. Apart from the equatorial region, multi-layer
clouds are observed more frequently over Indian summer
monsoon region and mid-latitude storm tracks. On an aver-
age over the globe it is observed that one-, two-, three-,
four- and five-layered cloud occur at 53, 20, 3.5, 0.4 and
0.04 % frequency respectively. These global maps of fre-
quency distribution of various cloud layers provide much
needed information on where and when the multi-layer
clouds are observed more frequently including the num-
ber of layers. After constructing the frequency distribution,

@ Springer



340

K. V. Subrahmanyam, K. K. Kumar

further the occurrence of multi-layered clouds is quantified
in terms of zonal mean frequency of occurrence. It is noted
that the zonal mean latitudinal distribution of single-layer
cloud exhibits two peaks, whereas two-, three- and four-
layered clouds show three peaks. Thus, for the first time the
global distribution of multi-layered clouds and their asso-
ciation with large-scales circulation are brought out using
4 years of CloudSat and CALIPSO observations. Further
zonal mean frequency of occurrence of cloud as and top
is constructed. The cloud top altitude distribution of vari-
ous clouds exhibited the signature of latitudinal structure of
tropopause as expected. These are the first latitudinal distri-
bution of vertically resolved multi-layer cloud base and top
altitudes estimated using space based active remote sens-
ing observations, which can be used to verify the outputs of
climate models as well as can be used to quantify the role
of vertically resolved clouds in earth’s radiation budget and
global circulation.
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ABSTRACT

The latent heat released/absorbed in the Earth’s atmosphere due to phase change of water molecule plays a vital
role in various atmospheric processes. It is now well established that the latent heat released in the clouds is the
secondary source of energy for driving the atmosphere, the Sun being the primary. In this context, studies on
latent heat released in the atmosphere become important to understand the some of the physical processes taking
place in the atmosphere. One of the important implications of latent heat release is its role in driving the
circulations on various temporal and spatial scales. Realizing the importance of latent heat released in the
clouds, a comprehensive study is carried out to understand its role in driving the mesoscale circulation. As
Indian summer monsoon (ISM) serves as natural laboratory for studying the clouds and their microphysics, an
attempt is made to explore the latent heat distribution over this region using 13 years of Tropical Rainfall
Measuring Mission (TRMM) observations. The observed profiles of latent heating over ISM region showed
large spatial and temporal variability in the magnitude thus reflecting the presence of organization of convection
on mesoscale. The latent profiles in convective and stratiform regions are segregated to study the differences in
their interaction with large-scale environment. Various re-analysis dataset were used to examine the role of
latent heating distribution on the mesoscale circulation. The significance of the present study lies in establishing
the vertical distribution of latent heating and their impact on the background circulation.

Key words: TRMM, Latent heating, Indian summer monsoon (ISM)

1. INTRODUCTION

The latent heat released in tropical clouds in the atmosphere accounts for ~ 75 % of the total diabatic heating in
the Earth’s atmosphere (e.g., [5]). The latent heat released/absorbed in the Earth’s atmosphere due to phase
change of water molecule plays a vital role in various atmospheric processes. Latent heat plays a major role in
driving and modulating atmospheric circulation on various temporal and spatial scales that is from mesoscale to
synoptic and planetary scales (e.g., [4]). It is now well established that the latent heat released in clouds is the
secondary source of energy for driving the atmosphere, the Sun being the primary. The vertical distribution of
latent heating in the atmosphere is also associated with vertical energy transport throughout the troposphere [3].
The dynamics of the tropical atmosphere strongly depends on the both vertical and horizontal distribution of
latent heating (e.g., [10]). Variations in the height of the heating peak have significant implications for large-
scale circulations in the atmosphere (e.g, [4]). For example, Schumacher et al. [6] show that geographical and
temporal variability in convective and stratiform rain fractions, both of which have different vertical heating
distributions, plays an important role in shaping the structure of the large-scale tropical circulation response,
stressing the importance of accurate estimates of the temporal and three-dimensional variability of latent
heating. Studies have shown that improved vertical distribution of latent heating allow a better representation of
tropical east-west circulation (e.g., the walker circulation) by models other than those using simple heating
functions, such as Webster [9] and Gill [1]. Thus, correct assessment of the vertical distribution of heating will
lead to better simulations of the large-scale circulation structures. Determining this latent heating distribution is
difficult because heating cannot be directly measured. Yanai et al [11] described atmospheric heating and the
latent heating contribution involving Q1 and Q2, which are residuals of heat and moisture budgets of the
resolvable motion, respectively. However, TRMM observations provide the distribution of latent heating in the
tropical regions. As Indian summer monsoon (ISM) serves as natural laboratory for studying the clouds and
their microphysics, an attempt is made to explore the latent heat distribution over this region using 13 years of
Tropical Rainfall Measuring Mission (TRMM) observations. The main focus of the present study is vertical
structure of latent heating derived from TRMM and its spatial and temporal distribution over the ISM region.
Further, we studied the integrated vertical distribution of latent heating and their inter-annual variability. An
attempt is also made to discuss the dynamical implication of latent heat distribution over the ISM region. The
following section describes the data and methodology used for the present study. Section 3 presents the results
and discussions and summary is provided in the section 4.
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2. DATA AND METHODOLOGY

TRMM is the first space rain gauge launched in 1997 and it sweeps latitudes between 38S and 38N and was
located above the Earth’s surface at an altitude of 402.5 km with an inclination of 35 degree to earth’s equatorial
plane. The swath width of TRMM-PR is 215 km and a horizontal footprint of 4.3 km at nadir. The prime
objective of TRMM s to study the variability in tropical precipitation in both space and time. In fact,
understanding the nature of variability in precipitation has been increased tremendously with TRMM
measurements. Another prime objective of this mission is to study the vertical structure of latent heating
released in the earth’s atmosphere. There are few algorithms (such as PRH and SLH) for retrieving the latent
heating from TRMM observations. In the present study, we use 13 years of (1998 to 2010) Spectral Latent
Heating (SLH) data (SLH-L3-V2) to investigative the vertical structure of latent heating. This dataset uses the
TRMM-precipitation radar measurements and a cloud resolving model (CRM) generated look-up table for both
land oceanic regions over the tropics [7]. The information taken from TRMM include convective and startiform
classification, cloud height, surface rain rate and more. In addition, there are separate look-up tables for
convective and shallow startiform regimes based on precipitation cloud top height. Time-mean spatial
distribution of vertically integrated latent heating is estimated over the ISM region for the present study. Further,
zonally averaged latitudinal height distribution of latent heating (LH) is estimated.

3. RESULTS AND DISCUSSION

Figure 1 (a & b) shows the 13 (1998-2010) year mean climatological distribution of rainfall over India during
winter [December, January , February (DJF)] and summer [June, July, August(JJA)] respectively. From figure
1( a) it is evident that the Indian region is very dry during DJF and large amount of rainfall occurs over Western
Ghats, Foot hills of the Himalayas and the Eastern Bay of Bengal during JJA, which is dominated by ISM.
Thus, figure 1(a & b) depicts the typical climatological mean rainfall over the ISM region and shows its major
features. Figure 1(c) & (d) shows the vertically integrated latent heating (K/hr) over the ISM region for the
period 1998-2010 during DJF and JJA respectively. The most noticeable feature during JJA is higher LH values
over the Bay of Bengal (BoB), the Indian Ocean and over Indo-Gangetic Plane (IGP) region. Another
interesting feature is the LH pattern over monsoon trough region, which show relatively large magnitudes as
shown in figure 1(d). During DJF, the higher LH values found to be over eastern Equatorial Indian Ocean,
which is the location of Inter Tropical Convergence Zone (ITCZ), where the deep convection prevails during
that season. The major difference in spatial distribution of LH during DJF and JJA is due to the migration of
ITCZ. The ITCZ migrates northward from January to September and drifts back to equator ward between
October and January. Thus primarily, movement of ITCZ is responsible for the observed latitudinal pattern in
the intergraded LH distribution over the ISM region. The LH released within this zone drives large-scale
circulation in the atmosphere. We also studied the vertically integrated latent heating anomalies from 1998 to
2010 over the ISM region (figure not shown). There is little inter-annual variability in the integrated LH over the
study region. However there are interannual variability in the vertical profiles of LH over the study region,
which can be associated with the inter-annual variability of monsoon precipitation. Moreover, the mean inter-
annual variability of ISM is governed by the internal dynamics of the monsoon, which modifies the year-year
precipitation and thus changes in LH variability (e.g., [2]). Figure 2 shows the 13 years mean vertical profiles of
LH over the BoB, Arabian Sea (ARB), Central India (Cl) and Western Ghats (WG) respectively. The observed
vertical structure of LH is very similar over BoB and CI, which peaks at ~ 7km. But, the LH magnitudes are
slightly larger in BoB than CI region, because BoB experience a strong presence of deep convection which
releases large amount of latent heating in the atmosphere [8]. Over the ARB and WG regions, the LH vertical
structure is mainly associated with shallow convective clouds and thus LH profiles peaks at ~ 2 km height over
both the regions. it is also interesting to note that the vertical structure of LH exhibits a bi-modal distribution
over BoB and CI regions. The latent heating associated with deep convection is positive thought out the
troposphere and it peaks around mid-tropospheric level (~ 6-7 km height) as seen over the BoB and CI regions.
The heating associated with shallow convection is positive and peaks at lower tropospheric heights as observed
over the ARB and WG regions.
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Figure 1: Thirteen year mean rainfall (mm) during (a) DJF and (b) JJA and vertical integrated LH (K/hr) for (c)
DJF and (d) JJA over ISM region.
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Figure 2: Mean vertical profiles of LH over the BoB, ARB, Cl and WG.

Figure 3 shows the zonally averaged temporal variability of vertical distribution of LH with latitude during ISM
period. The increase in LH magnitude with latitude is clearly seen in figure 3 from 00 LT to 15 LT as shown by
red colour arrow. These spatial and vertical structure evolutions of LH can be used as a proxy of convective
organization. The observations shown in figure 3 suggest the north-eastward propagation of convective activity
over these latitudes (Raut et al., 2009). Further, to study the sub-regional characteristics of latent heating over
the BoB, ARB, CI and WG regions, the temporal and vertical distribution of latent heating is examined. Figure
4(a-d) shows the temporal vertical structure of LH over the BoB, ARB, Cl and WG regions respectively. This
temporal vertical structure of LH gives a better knowledge about how LH varies in time both diurnally and
vertically for different regions. The BoB and ARB are corresponds to oceanic regions and Cl corresponds to
land region. The LH exhibits different diurnal cycles over land and oceanic regions.

Proc. of SPIE Vol. 9876 98762W-3

Downloaded rom http proceedings.spiedigitallibrary.org on 05 14 2016 Terms of se http spiedigitallibrary.org ss TermsOf se.aspx



1!. & M'h"t" 0.25

wnt .lﬂ*'_ 0.2

10.15
0.1

0.05

£

= 0

) -0.02

(]

T  .30-25-20-15-10 5 0 5 10 15 20 25 30

Latitude

Figure 3: zonally averaged temporal variability of vertical distribution of LH (in K/hr) during JIA.

The LH peaks at around early morning/late-night over the BOB with a secondary broad peak ranging from pre-
afternoon to late- afternoon. Over the ARB, it peaks at around early morning (~ 6hr LT) and a secondary peak
can be noted at evening hours with relatively lower magnitudes as compared to the BoB region. The land
regions are of specific interest to many previous studies because of their large magnitudes. The maximum latent
heating over ClI is as strong as that of the BoB. However, over Cl, the LH peaks during the afternoon hours and
the large amount of latent heating occurs at an altitude of ~ 7 km during. The WG region has unique latent
heating feature compared to other regions. Over the WG, LH peaks at early morning and late-evening with
relatively lower magnitudes as compared to all regions. Being a coastal region, WG exhibits a different LH
structure as compared to other regions. The maximum magnitude of LH occurs at ~ 15 LT at 5 km height level
over WG. Over all, shallow convection dominates over the ARB and WG region, which results in lower
magnitudes of LH. Over BoB and Cl, deep convection dominates and releases large amount of LH. The peak
time of these regions are associated with the development of convective systems and prevailing dynamics.

4. SUMMARY

The spatial and temporal variability of latent heating distribution over the ISM region using 13 years of TRMM
observations is investigated. The spatial and temporal distribution of LH shows specific regions such as the foot
hills of Himalayas, the IGP and the BoB regions with large amount of LH during ISM period. The vertical
structure of LH over the ISM is also investigated. The LH variability at three regions of ISM Viz., BoB, ARB,
Cl and WG regions are further studied. Over the BoB and CI regions, vertical structure of LH is associated with
the strong presence of deep convection which releases large amount of latent heat in the atmosphere, whereas
over the ARB and WG the observed LH is due to the shallow convection. The observed profiles of latent
heating over the ISM region showed large spatial and temporal variability in the magnitude reflecting the
presence of organization of convection on mesoscale. The temporal variability of vertical structure of LH
showed northward propagation of convective activity over the ISM during JJA period at diurnal scales. The
diurnal cycle of LH is more pronounced over CI (land) compared to the BoB and ARB regions. It is observed
that the LH peaks during early morning over oceanic region (BoB and ARB) and during afternoon over land
region (CI). Thus the present study brought out the 13 year mean spatial and vertical distribution of LH over the
ISM region. The LH distribution and its role in driving the circulation will be carried out in near future.
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Figure 4: Temporal variability of vertical structure of LH (in K/hr) over BoB, ARB, Cl and WG regions

respectively during JJA.
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