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Sometime we see a cloud that’s dragonish;

A vapour sometime like a bear or lion,

A tower’d citadel, a pendant rock,

A forked mountain, or blue promontory

With trees upon’t, that nod unto the world,

And mock our eyes with air: thou hast seen these signs;
They are black vesper’s pageants. [...]

That which is now a horse, even with a thought

The rack dislimns; and makes it indistinct,

As water is in water.

W. Shakespeare - Antony and Cleopatra
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Chapter 1

Introduction

Clouds in the Earth atmosphere come in a large variety of habits with a great
diversity in their physical characteristics, but the common denominator of
all of them is the fundamental contribution they provide in the regulation of
the Earth radiation budget (Wylie et al., 2005).

Clouds, in fact, have a twofold effect on the atmosphere. On one hand
they attenuate the incoming solar radiation reflecting it back to space. This
effect, which is known as cloud albedo, results in a cooling of the Earth—
atmosphere system. On the other hand, clouds also absorb thermal infrared
radiation emitted from both the Earth surface and the atmosphere, par-
tially re-emitting it in all directions. This latter contribution, called infrared-
greenhouse effect, causes an increase of the radiation budget which, in gen-
eral, results in a warming of the Earth—-atmosphere system. Therefore, the
competition between the solar albedo and the infrared greenhouse effects de-
termines whether the surface will undergo cooling or warming (Hartmann,
1994).

The Intergovernmental Panel for Climate Change (IPCC) in its fourth
assessment (IPCC, 2007) concluded that the poor comprehension of the cou-
pling between the clouds and the Earth’s atmosphere still represents one of
the largest source of uncertainties in climate and weather prediction. Clouds
in fact, regularly cover about 50 % of the sky and it has been shown (Chahine
et al., 2006; Wylie et al., 2005, 1994) that they “contamine” a great major-
ity of satellite observations, with cirri especially. Moreover, clouds (cirri in
particular), are difficult to model and their properties are in general tough
to retrieve by satellite sensors (Waliser et al., 2009). The radiative impact of
cirri, however, is crucial in determining the energy balance of the atmosphere
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since the greenhouse and albedo effects can be both slightly predominant de-
pending on the optical depth (McFarquhar et al., 2000).

1.1 Cirrus clouds

Cirrus clouds are morphologically described by the World Meteorological
Organization (WMO) as detached clouds in the form of white, delicate fila-
ments or white or mostly white patches or narrow bands, which have a fibrous
appearance, or a silky sheen, or both. This description could have been use-
ful in the past, when a meteorologist was deputed to the observation and
classification of clouds, but is completely inadequate for a rigorous, modern
classification, such as an automated procedure for the detection of clouds
from remote sensing data. Hence, a more physical characterization can be
provided considering the attributes that identify these clouds, that are the
typical altitudes where they can be found in the atmosphere, the phase of
the water particles and the optical thickness. Thus, cirri can be described
as cold, optically thin clouds composed of frozen water droplets, that re-
side in the upper parts of the troposphere, often at temperatures below the
homogeneous nucleation (i.e. -41°C).

Nevertheless, one should not think that cirri do not have a relevant con-
tribution when the radiation processes in the atmosphere are studied. A
single cirrus, in fact, might have a small impact on the Earth radiation bud-
get, but globally these clouds represent about the 40 % of all the clouds,
and constantly cover more than 20 % of the Earth surface (see for example
Wylie et al. (2005, 1994)), so that they cannot be lightly labeled as negligible,
second order elements.

It has been shown that the sizes of ice crystals can have large variations
along the cloud vertical (from 10 ym at cloud top up to few millimeters at
cloud base), but differences in the particle size distributions (PSD) can be
found also depending on the latitude (Field et al., 2007, 2008; Heymsfield
and Miloshevich, 2003; Korolev et al., 2011).

At midlatitudes, where cirri are usually sinoptically generated, the gravi-
tational deposition is the responsible of the increase in size of the ice crystals
approaching the cloud base. The greater the vertical extent of the cloud,
the deeper the ice crystals fall, giving them more time for growing due to
vapor deposition and crystals aggregation (Field et al., 2008, 2005; Heyms-
field et al., 2002). Cirrus clouds in the tropics are mainly originated from
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an outflow of the convective core of cumulus clouds. The strong updrafts
that occur in tropical regions can transport large ice crystals towards the
cloud top, so that larger sizes are found with respect to the midlatitude cirri
(Heymsfield, 2003).

Many studies, in the last two decades, investigated the results of in situ
measurements of ice crystal sizes in order to determine the particle size dis-
tributions of cirrus clouds. All these works agree that the PSDs are generally
bi-modal with a simultaneous presence of both small and large particles, with
the former occurring more often than the latter (Baker and Lawson, 2006;
Field et al., 2007, 2005; Heymsfield and Miloshevich, 1995; Ivanova et al.,
2001; Zhao et al., 2011).

It is important to know the size of the ice crystals within cirrus clouds,
since this quantity is related to the geometric cross section of the particles
which, in turn, allows to study the interactions with the incident radiation.
Moreover, ice crystals do not occur only in very different sizes but also in
a large variety of habits, from simple shapes, such as hexagonal plates or
columns (usually found at the cloud top), to very complex aggregates at
cloud base. It has been shown (Baran et al., 2011; Baum et al., 2005a, 2011)
that the best representation of the phase function is obtained when mixtures
of habits are considered. Having a good model to represent the habit mixture
of ice crystals is essential to better simulate the bulk properties of cirrus
clouds, which, in turn, is required to improve the capabilities of the current
general circulation models (GCM).

All these aspects of cirrus clouds need to be further investigated and,
for this purpose, obtaining global measurements of radiative properties of
cirri is crucial. A new opportunity is available to the scientific community,
a constellation of satellites called A-train, in fact, became available for this
task in the last few years. This series of satellites, the first of them is orbiting
since 2002, flies in low polar orbit at an altitude of about 705 km and includes
passive and active sensors capable of measuring the radiometric properties of
the same cloud nearly simultaneously in a wide portion of the electromagnetic
spectrum (Stephens and Vane, 2007; Stephens et al., 2002).

1.2 State of the art

The study of cirrus clouds have done many steps forward in the recent years
and our comprehension of both their microphysical and optical properties
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have widely improved, but still, many uncertainties are not solved yet.

Radiative processes

There have been a number of theoretical and experimental works that have
examined the net radiative effect of cirri and the scattering properties of
ice particles. For instance, Zhang et al. (1999) demonstrated that radiative
cloud forcing is extremely sensitive to crystal shape and particle size distri-
bution which, in general, results in a negative contribution (i.e. cooling) for
small particles and in a positive one (i.e. warming) for large ice crystals. A
theoretical study by Fu (2007) shows that the change of the aspect ratio of
pristine hexagonal ice ctystals (i.e. the ratio between width and length of
the particle) from 1.0 to 0.1 leads to differences in the reflected solar flux
of about -70 Wm™2 when a cloud with an optical depth of 4 is considered.
Furthermore, a laboratory experiment by Ulanowski et al. (2006) shows that
large differences can be found in the phase function, mainly at side and back
scattering angles, if rough particles are taken into account instead of smooth
ones.

In addition the vertical distribution of macrophysical and microphysical
properties within a cloud influences its radiative features (Maestri et al.,
2005) and the interpretation of remote sensing data. It has been shown by
Maestri and Holz (2009) that different assumptions on vertical distribution of
the IWC might impact cloud properties retrieval (i.e. optical depth and effec-
tive dimension) from infrared satellite measurements. Chiriaco et al. (2006),
while highlighting the potentialities of using combined visible (532 nm) and
infrared (10.6 pm) lidar observations for retrieving vertically resolved profiles
of particle absorption efficiency, particle concentration and IWC, show the
importance of determining the position of the maximum of absorption within
a cloud layer and provide an example of the large variations in the retrievals
of the particle effective sizes for different hypotheses on where maximum of
absorption takes place. Along the same line of research, Zhang et al. (2010)
demonstrate that homogeneous cloud assumptions of ice particle size on the
vertical can affect the solar reflected bi-spectral and infrared split-window
methods to different extents and, consequently, can lead to significantly dif-
ferent retrievals of effective dimensions and IWC. The importance of knowing
the vertical structure is discussed in detail also by Yang et al. (2012), who
showed that, making use of in situ measurements of ice crystal habit and size
distribution to better define cirrus cloud properties, results in non-negligible
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differences in the simulated radiative fluxes of the order of 10 Wm™2.

Scattering in the Far Infrared

All the above cited studies mostly analyze the visible and the near infrared
(up to about 15 um) portions of the electromagnetic spectrum. It has been
shown, however, that the study of the far infrared (FIR) can be of major
importance to better understand the Earth energy balance and to charac-
terize clouds, cirri in particular (Harries et al., 2008). In this review our
current knowledge of the far infrared (FIR) portion of the Earth’s infrared
emission to space is discussed. Harries et al. (2008) point out that the FIR
is important to the understanding of the climate system because the Earth
is a cool object in space and the peak energy from a blackbody at 255K
occurs at about 500 cm™!, according to the well known Wien’s law. They
also state that, in clear sky conditions, 35% of the energy escaping to space
is at wave numbers below 500 cm™! and that the emission comes from the
upper troposphere because the lower troposphere, over most of the planet, is
totally opaque and the surface is obscured.

One of the issues to be considered is how well we account for the longwave
emission to space in the FIR, in presence of cold clouds. There is a clear
connection with the broad issue of the role of clouds for the Earth’s radiative
balance at the top of the atmosphere (TOA), since the net effect of cold
clouds is the difference of their shortwave and longwave radiation budget.
The presence of ice clouds, and to a lesser extent of warm water clouds,
increases considerably the role of the FIR within the total emission to space.
This was quantified by Rizzi and Mannozzi (2000), that compute spectral
radiance emitted vertically to space at TOA for six standard atmospheres
(Anderson et al., 1986) for clear sky conditions and for a range of warm and
cold clouds of various top heights and particulate density. The radiance is
integrated in the range 100 to 600 cm™" (FIR) and in the 50 to 2700 cm™
one and attention is focused on the ratio of the two quantities. It has been
shown that in clear sky conditions this ratio attains values ranging from 0.38
for the tropical (TRO) atmosphere to 0.48 for the sub-arctic winter (SAW)
profile. In presence of clouds the ratio increases with the opacity of the cloud
and its height, which is to be expected. The largest values are found at the
Tropics (close to 0.6) since in the tropical area clouds can be very high hence
cold. An opaque cloud with top at 8.7km placed in a sub-arctic winter and
summer atmosphere produces a ratio of respectively 0.45 and 0.51.
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These results indicate that great care should be used when defining the
radiative properties especially of cold clouds. In fact ice crystal models that
are used to predict their radiative properties should be applicable over large
wavelength ranges (Baran, 2009). At this purpose an intense testing activity
of the main radiative properties is being performed by various groups. Ham
et al. (2009) compare cloudy satellite radiances measured by MODIS (King
et al., 1997) to simulations and show that radiances for short-wave bands
(from which the cloud optical properties were retrieved) appear to be quite
accurate with errors on the order of 5%. However simulated radiances for
mid infrared and infrared window bands show larger discrepancies with the
observed radiances. The authors suggest that the discrepancies are likely
due lack of accuracy in the estimate of cloud-top and cloud-base heights and
also that the simulations could be substantially improved by accounting for
the vertical cloud distribution provided by colocated active sensors. Bozzo
et al. (2010) perform a similar comparison to airborne data collected by MAS
(King et al., 1996). Their state-of-the-art simulation stategy uses retrieved
cloud optical depth and effective radius from co-located S-HIS (Revercomb
et al., 1998), cloud height and geometrical thickness from colocated airborne
lidar and atmospheric thermodynamic profiles from drop-sondes. Their re-
sults show excellent agreement in long-wave bands (where the cloud optical
depth and effective radius are retrieved), but a sensible underestimation of
short-wave radiances. They also show that the impact of the assumptions on
particle size distribution and vertical profile of ice content is much smaller
than the observed differences between measured and simulated radiances. In
order to understand their results they simulate also MODIS data in short-
wave channels, using MODIS operational cloud parameters (retrieved from
shortwave MODIS channels) and obtain a very good agreement. They state
that the likely cause of the contradictory results is the consistency of the
database of single scattering properties of ice crystals over the wavelength
domain from shortwave to infrared. Baum et al. (2010) develop new bulk
scattering and absorption properties on the basis of updated microphysi-
cal data and libraries of single-scattering properties. Comparing simulations
against CALIOP data, models built with severely roughened particles com-
pare best for all the considered habit mixtures. They state that the use of
roughened rather than smooth particles to infer optical thickness and effec-
tive diameter from satellite imagery, such as MODIS, results in a decrease
in optical thickness and an increase in particle size, thus suggesting that
operational cloudy product might be affected by large uncertainties. Cox
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et al. (2010) state that cloudy radiance simulations are not able to consis-
tently reproduce the observed spectral radiances across the entire infrared
region, and are particularly poor in the 330-600 cm ™! region. They also state
that possible causes are model input uncertainties arising from inadequate
sampling of the cloud structure and of atmospheric parameters. The dis-
crepancies between state-of-the-art simulations and radiances measured in
cloudy conditions may originate from various factors, as highlighted above.
The important point is that these properties can be tested against available
measurements by a number of multi spectral radiometers covering the short-
wave to infrared range, and in addition by hyper-spectral infrared spectrom-
eters. Unfortunately there are currently no spaceborne sensors that measure
spectral radiance in the FIR, at any spectral resolution, and very little FIR
experimental activity which is a serious weakness in our capability to assess
the quality of the basic radiative properties that are used in all transfer com-
putations also in climate (and meteorological) models, in particular in cloudy
conditions.

The role of scattering processes for infrared computations in presence of
clouds is a subject of some debate, since scattering processes greatly increases
the complexity of the transfer computations. The imaginary part of the ice
refractive index has a local minimum in the FIR around 450 cm™!, while the
real part shows values comparable or greater than in the main IR window. Di
Giuseppe and Rizzi (1999) derive a simple formula that allows to estimate the
irradiance upwelling from a cloud layer given its basic radiative parameters
(direct transmittance, diffuse transmittance and reflectance) computed as
by (Mannozzi et al., 1999). They compute the difference (SE) in spectral
irradiance between a case with no scattering and the general case, normalised
to the latter, for a number of effective radii of the cloud size distribution
and ice water path. They conclude that scattering increases the optical
depth of the cloud and reduces the upwelling irradiance at all wavelegths,
and the largest values of SE are found in the region around 400 cm™!, at the
margin of both the CO, vibro-rotational band and of the Hy0 rotational band,
characterised by relatively high values of single scattering albedo for typical
cirrus size distributions. They also state that this region of the spectrum
may hold some promise for the identification of high clouds using remote
sensing.

A further reason to explore the behaviour of cold clouds at FIR wave-
lengths stems from results presented by Stackhouse and Stephens (1991).
They point out that detailed calculations of the longwave radiative budget
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of a cirrus cloud demonstrate that the net budget is the result of heating at
window wavelengths and cooling in the more opaque water vapor bands. The
subject is investigated also by (Maestri and Rizzi, 2003b) and the previous
results are confirmed for a number of cold clouds in the tropical atmosphere.
Hence it is a well established result that the longwave heat budget of cold
clouds, which is an important part of the cloud radiative budget, is deter-
mined by a difference between radiative heating and cooling, the latter taking
place in the FIR.

Cloud Properties

The knowledge of the radiative contribution of cirrus clouds is only one of
the aspects currently under investigation. It has been pointed out by many
authors (e.g. Berthier et al. (2008); Nazaryan et al. (2008); Martins et al.
(2011)) that a better understanding of spatio-temporal distributions of these
clouds, both vertical and horizontal, would be extremely helpful in improv-
ing the parameterization of ice clouds in the existing numerical models. At
this regard, a detailed study of occurrence of cirrus clouds was recently per-
formed by Nazaryan et al. (2008), who report global and seasonal frequen-
cies, as well as top and base height distributions of cirri analyzing a year
of CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) data. A
similar work is performed by Sassen et al. (2008), utilizing a year of com-
bined CloudSat/CALIPSO data, who also introduce a study of the day versus
night differences. Berthier et al. (2008) study and compare the data provided
by LITE (Lidar In-space Technology Experiment), GLAS (Geoscience Laser
Altimeter System) and CALIOP spaceborne lidar sensors in order to inves-
tigate the influence of the intra- and inter-annual variability of intertropical
convergence zone (ITCZ) latitudinal position and polar stratospheric clouds
(PSC) on the lidar cloud top heights for different latitudinal regions and al-
titudes. Also Martins et al. (2011) perform a detailed statistical analysis of
cirrus clouds providing distributions of some physical quantities such as ge-
ometrical thickness, cloud top height, midlayer temperature and ice crystals
depolarization ratios, using nighttime CALIPSO data. They also found cor-
relations between these physical properties and horizontal and vertical wind
speed, characterizing the air motions in the tropics and the jet streams at
midlatitudes.



Chapter 1. Introduction

Microphysics

As briefly reported in the previous section, the microphysics of ice clouds
(i.e. PSDs and ice crystal shapes) is another piece of the puzzle that is the
study of ice clouds. Two ways are available for the study of the cirri micro-
physics: the in situ and the remote sensing measurements. For the former
method an airborne instrument is usually employed, but the high altitudes
and the extreme flight conditions make these measurements hard to obtain.
Moreover, in situ measures are obviously limited to a very small region, or
even to a single cloud, and a global study is technically impossible. Satellite-
borne instruments, on the other hand, are able to provide global, or nearly
global measurements, but they have to face with the difficulties related to
the retrieval of ice cloud properties. In order to overcome these limitations,
the use of multiple sensors that scan a single scene in different regions of
the electromagnetic spectrum can be very helpful. This kind of approach,
already used for the study of small regions with ground-based sensors, has
recently become available on a global scale with the A-Train satellite con-
stellation which is composed by a set of active and passive sensors able to
provide measurements of a single scene from visible to microwave frequencies.

As it can be seen by this brief and surely non-exhaustive summary of
recent works, a wide variety of fields of the atmospheric physics is involved
in the study of cirrus clouds and a lot of efforts are put into improving our
knowledge in this sense. The literature about cirri is flourishing, denoting
a deep interest in this topic and a pressing need of reducing the uncertain-
ties related with the unknowns about optically thin ice clouds. The results
presented in this work contribute to a better definition of cirrus clouds prop-
erties, providing information on their average vertical structure and on their
optical features in the far infrared portion of the electromagnetic spectrum.
Moreover, the basis for a future development of the study are set with the
realization of a database made of satellite data from multiple sensors.

1.3 Work goals and overview

The present work introduces a study of optically thin ice clouds in the upper
troposphere providing an analysis of bulk properties and, for the first time,
of vertical features of cirri on a global extent. This goal is achieved by per-
forming a detailed statistical analysis on a full year of satellite lidar products
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(CALIOP).

A second aspect under investigation is the ability to represent the scat-
tering properties of ice cloud particles in the far infrared. For this purpose
the radiances of a limited number of FOVs, derived from a case study, are
compared to those produced by a forward radiative transfer code. The radia-
tive transfer algorithms utilized in this study make use of vertical profiles of
atmospheric quantities such as altitude, pressure, temperature and ice water
content. This latter quantity is derived by using the results found in the
analysis of the CALIOP data.

The last goal of this work, that marks a possible path for future pro-
gresses in the study of ice cloud properties, is the development of a database
of collocated satellite products. Data from a hyperspectral sounder (AIRS),
an imager (MODIS) and a lidar (CALIOP) are merged together in a single
product that contains most of the variables available from these three instru-
ments. It has been shown, in fact, that having simultaneous measurements of
the same scene in different spectral intervals and at various spatial resolution
can largely improve the knowledge on cirrus clouds. Moreover, the satellite
sensors provide constant global measurements, that are crucial in the study
of climate.

1.3.1 Work summary

The present thesis is organized as follows. In Chapter 2 a description of the
instruments, focusing in particular on CALIOP and on the lidar physics in
general, is provided. Moreover the CALIOP products used in this work are
described. The data of the lidar CALIOP are analyzed in Chapter 3, where
two data set of ice clouds, homogeneous and non-homogeneous, are defined
and statistics on frequency of occurrence are given. In Chapter 4 annual and
seasonal mean backscatter profiles are computed for night and day and for
tropics and midlatitudes. The influence of the main atmospheric and cloud
parameters on mean BSPs is studied. Fitting functions, that describe the
mean shape of the BSP as function of the cloud geometrical thickness, are
derived. In the last section of the Chapter the relationship between backscat-
ter profile and ice water content profile is discussed. Chapter 5 describes the
COBRA-ECOWAR experiment. The results of the backscatter profiles anal-
ysis are utilized to improve an infrared cloud properties retrieval algorithm
(RT-RET). The output of this code are used to simulate the radiances with a
forward radiative transfer code (RTX). A comparison between the measured
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and the simulated radiances is performed and sensitivity studies are con-
ducted. In Chapter 6 a methodology to collocate data from different satellite
sensors is described. The resulting collocated data set is used to test one
of the output of a new physical-statistical infrared retrieval. A summary is
given in Chapter 7 and future developments of this work are discussed.
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Chapter 2

The CALIPSO mission and the
lidar physics

Since the advent of the satellite era in the '70s the space-borne instruments
have provided valuable measurements for the study of atmosphere and clouds.
One of the obvious advantages of using satellite-borne sensors for the study
of the Earth atmosphere is the possibility of having global measurements
of what is to be observed and investigated, allowing an advancement in the
general understading of its properties. This peculiar point of observation is
particularly important in the study of clouds, which can have very different
characteristics depending, among other factors, on where they are originated.

Among the many se