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Abstract

The thesis presents a new radiative transfer model that can take into
account the impact of cirrus clouds on microwave satellite remote
sensing. The ice particles in cirrus clouds interact with microwave
radiation mostly through scattering. This can also lead to polarization
of the radiation. Thus, a radiative transfer model that can solve the
vector radiative transfer equation for a multiple scattering medium is
essential. This has led to the development of the scattering version
of the Atmospheric Radiative Transfer Simulator (arts), which was
previously a clear sky radiative transfer model. The model can be used
for up, limb- and down-looking sensors, although this thesis focuses
only on the effect of clouds on down-looking sensors.

In order to understand the scattering signal produced by cirrus
clouds, it is essential to know the ranges of cirrus microphysical prop-
erties and how they are influencing the single scattering properties of
the ice particles in the cirrus clouds. The work presented here shows
that single scattering properties are highly dependent on the size pa-
rameter.

The radiative transfer simulations are done for various cloud sce-
narios at some example frequencies, which correspond to the center
frequencies of the upper side band of the channels of the Advanced
Microwave Sounding Unit-B (amsu-b) instrument. The sensitivity to
cirrus cloud parameters like the ice water content, the particle size
and shape, and the cloud altitude at these frequencies are examined.
It is shown that the scattering signal is very much dependent on the
ice water content and the particle size. The scattering signal is also
dependent on the sensitivity of these channels to water vapor. The
water vapor channels are sensitive to changes in cirrus cloud proper-
ties only when the cloud altitude is above the sounding altitude of the
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Abstract 7

channel. This implies that channel 18 has the minimum effect from
cirrus clouds and channel 20 has the maximum effect from the same
cirrus cloud. Although the effect of cirrus clouds is to decrease the
brightness temperature compared to the clear sky case, for a surface
sensitive channel, the presence of cirrus clouds at low altitudes can
lead to a brightness temperature enhancement due to cloud emission
against a cold surface background. This is also true in the case of liquid
clouds, which have higher absorption than scattering and which are
occurring at lower altitudes. For the water vapor sensitive channels,
the presence of liquid clouds decreases the brightness temperature if
the cloud is located above the sensing altitude of the channel.

Finally, a comparison of the brightness temperatures simulated by
the model to collocated amsu-b observations is presented. The re-
sults presented show that the model is able to capture the brightness
temperature depression seen in the observation that are due to cir-
rus clouds. The reasons for the discrepancies in the comparison are
presented in detail.
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1 Introduction

The objective of this thesis is to understand the impact of cirrus clouds
on microwave satellite data. The term microwave used here refers to
the centimeter (3 GHz – 30 GHz), the millimeter (30 GHz – 300 GHz),
and the sub-millimeter (300 GHz – 1 THz) spectral region. In order
to achieve this objective, it is essential to develop a radiative trans-
fer model that includes the scattering due to hydrometeors. The new
scattering vector radiative transfer model that is developed as part
of this thesis is an extension of the existing clear sky model Atmo-
spheric Radiative Transfer System (arts). This chapter presents the
motivation for the development of a radiative transfer model that can
be used for simulations including the effect of clouds.

Cirrus clouds cover almost 20% of the Earth and have unique mi-
crophysical and macrophysical characteristics (Liou, 1986). They are
composed mostly of ice particles, which occur in very complex shapes
making model studies difficult, while other cloud types consist mostly
of liquid droplets. Another distinct feature is their location; the very
high altitude of cirrus clouds makes their radiative properties dis-
tinctly different from other clouds.

Passive microwave sensors on-board satellites measure the thermal
radiation emitted by the Earth’s surface and its atmosphere. These
enable one to derive the atmospheric temperature profile and the dis-
tribution of several trace gas constituents that are of importance to
climate research. The emission measurement close to the spectral lines
of some well-mixed gases like O2 can be used to get information on
the temperature profile while the emission measurement close to the
spectral lines of gaseous species like H2O can give information on the
profile of the species itself, if the temperature profile is known.

The currently operating microwave sensor used for temperature in-
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12 1 Introduction

formation is the Advanced Microwave Sounding Unit-A (amsu-a) on-
board the National Oceanic and Atmospheric Administration (noaa)
series of satellites, noaa-15, 16, and 17 (Diak et al., 1992; Goodrum
et al., 2000). amsu-a is also on-board the Earth Observing System
(eos) – Aqua satellite (King and Greenstone, 1999). The information
on water vapor is currently available from the amsu-b module on-
board the noaa-15, 16, and 17 satellites, and the Special Sensor Mi-
crowave/t2 (ssm/t2) on-board the Defense Meteorological Satellite
Program (dmsp) satellites (Kramer, 1996). The channels 1 and 2 of
the amsu-a module also give information on the column water vapor.
In addition, there is the ssm/i on-board the dmsp giving information
on rainfall, snow cover, sea ice, cloud liquid water, and water vapor
(Ferraro et al., 1996) and the amsr-e (Advanced Microwave Scanning
Radiometer for eos) on-board the eos-Aqua satellite giving informa-
tion on sea surface temperature, ocean winds, cloud water and water
vapor over the oceans, rainfall rates, sea ice properties, snow cover,
and soil moisture (Lobl, 2001; King and Greenstone, 1999). The limb
sounder, Sub-Millimeter Receiver (smr) on-board of the Odin satel-
lite, which is the first sub-mm satellite sensor for observing the Earth,
measures ozone and several other trace gases (Murtagh et al., 2002).
Another limb sounder is the Microwave Limb Sounder (mls) on-board
the eos-Aura satellite, which studies the stratospheric temperature
and concentrations of water vapor, many trace gases related to ozone
chemistry, and the upper tropospheric water vapour and the temper-
ature, with good vertical resolution (King and Greenstone, 1999).

Why study the impact of cirrus clouds on microwave remote sens-
ing? There are at least two reasons that are directly related to the
Earth climate studies. The first one is related to the retrieval of trace
gases including water vapor, the second one is related to the micro-
physical properties of cirrus clouds themselves. The following para-
graphs give a short discussion on these, thus highlighting the motiva-
tion for this work.

One very important gaseous species that can be measured by mi-
crowave sensors is water vapor. The launch of the noaa series of
polar orbiting satellites increased the potential of water vapor mea-
surements using microwave techniques. The importance of water vapor
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as a greenhouse gas is well known (Harries, 1997). The significance of
water vapor is further important in climate studies due to its feed-
back. According to the ipcc report (Stocker et al., 2001), the water
vapor feedback is the most consistently important feedback which ac-
counts for the large warming predicted by General Circulation Models
(gcms) in response to a doubling of the CO2. The water vapor feed-
back alone approximately doubles the warming from what it would
be for a fixed water vapor (Held and Soden, 2000). It should be noted
that some scientists doubt that the sign of the water vapor feedback
is negative (Lindzen, 1990), although a majority supports a positive
feedback (Soden and Fu, 1995; Minschwaner and Dessler, 2004). Com-
pared to well mixed green house gases, the inhomogeneous distribution
of water vapor, like the very dry sub-tropics and the very moist Inter-
Tropical Convergence Zone (itcz) regions, suggests a strong influence
of dynamical transport. Another important aspect related to water
vapor is the upper tropospheric humidity, which according to Harries
(1997), is a dominant contributor to the radiative cooling of the earth
in the far infra-red portion of the Earth’s emission spectra.

All these facts suggest that the global retrieval of water vapor is very
important for understanding the climate. This has led to an extensive
use of satellite remote sensing data, particularly in the microwave.
Both water and ice clouds are highly absorbing in the infra-red and
highly reflecting in the visible wavelength, thus limiting the use of
visible and infra-red techniques to clear atmospheres (Grody, 1993).
Microwave remote sensing technique has the advantage that clouds
are not totally opaque. The availability of humidity data from current
and future microwave sensors for a long time period will help to obtain
the global humidity data that can be used for climate research.

Although only water vapour is mentioned in detail here, there are
other trace gases in the atmosphere that are important for atmo-
spheric chemistry and climate, which can be measured by microwave
sensors. The retrieval of those gases is also affected by the presence of
cirrus clouds.

In order to make full use of satellite data, the impact of cirrus clouds
has to be well accounted for and included in the retrieval. The presence
of thick cirrus clouds can modify the up-welling radiation. In the mi-
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crowave region, cirrus clouds interact with radiation mainly through
scattering. This is particularly high as one moves to the mm and
sub-mm spectral region, because the scattering due to cirrus clouds
increases with frequency. Our goal is eventually to improve the uti-
lization of these data by better quantifying the cirrus cloud impact.
The radiative transfer (rt) model development is the first essential
step towards this goal.

As said before, the second motivation to study the impact of cir-
rus clouds is related to the cirrus microphysics itself. According to
the ipcc report (Stocker et al., 2001), the greatest uncertainty in fu-
ture projections of the Earth’s climate arises from clouds and their
interactions with radiation.

Cirrus clouds reflect solar radiation leading to radiative cooling.
This is the albedo effect due to cirrus clouds. They also absorb out-
going infra-red radiation, thus leading to warming. This is the green
house effect due to cirrus clouds. The ice crystal shape and size dis-
tribution, and the cloud optical thickness are fundamental cirrus pa-
rameters that determine the relative strength of the solar-albedo effect
and the infra-red green-house effect. Studies by Hartmann and Short
(1980) and Herman et al. (1980) illustrated that the solar albedo effect
is greater than the infra-red greenhouse effect, but the degree and the
extent to which these affect the thermal structure of the atmosphere
are not quantified. According to Seinfeld (1998), cirrus clouds that ex-
tent up to the tropopause exert an overall heating effect because their
reflectivity at solar wavelengths is low and they absorb more infra-red
radiation than they emit to space from their very cold cloud top.

Cloud feedbacks also depend on the microphysical and the macro-
hysical properties of clouds and their interaction with radiation. These
are not properly represented in gcms due to the non-availability of
such data. The sign of the cirrus cloud feedback also depends on the
microphysical properties as well as on the radiative interaction of cir-
rus in the visible and the infra-red (Stephens et al., 1990). Ou and
Liou (1995) did a detailed study on the cirrus cloud climate feedback
by studying the radiative behavior of the microphysical properties like
ice water path (iwp) and the particle effective diameter, De. Accord-
ing to this work, both the infra-red emissivity and the solar albedo
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are increasing functions of the iwp and decreasing functions of De.
Accordingly, as the iwp increases, this results in warming and hence
a positive feedback in the infra-red and cooling and hence a negative
feedback in the visible. Similarly, increasing the effective diameter
leads to a positive feedback in the visible and a negative feedback
in the infra-red. Considering only iwp would result in a net negative
feedback, whereas including both iwp and De results in a net positive
feedback.

The discussion presented above gives a very good motivation for
the research aiming at the retrieval of cirrus microphysical properties.
The rationale for using sub-mm wave channels for retrieving the cirrus
iwp and the characteristic particle size is explained in the works of
Weng and Grody (2000); Gasiewski (1992); Evans et al. (1999, 2002);
Kuenzi et al. (1999). An excellent explanation on the advantages of
the submilllimeter remote sensing that can complement the visible
and the infrared techniques is given in Evans et al. (1999), which goes
like this:

“Since the wavelength of submillimeter radiation is comparable to
the size of ice particles in cirrus clouds, observed brightness tempera-
ture changes from cirrus are well correlated to ice mass. This contrasts
with visible and infrared methods, which operate in the geometric op-
tics limit, where the signal is proportional to the particle area. Mi-
crowave radiation interacts with ice particles primarily through scat-
tering so that cloud emission and temperature are relatively unimpor-
tant. The radiative transfer tends to occur in a linear regime, which
means that the signal is proportional to the average cirrus properties
in a field of view, and the effects of cloud inhomogeneity are mini-
mized.”

This has also been an important motivation for the proposed esa
opportunity mission Cloud Ice Water Submillimeter Wave Imaging
Radiometer (ciwsir) (Kuenzi, 2002). The water vapour absorption
being relatively strong in the sub-mm frequency range, the lower at-
mosphere is opaque so that the effect of surface and lower clouds
on the upwelling radiation can be negligible. Moreover, at these fre-
quencies ice particles are weak absorbers, which makes the physical
temperature of cirrus clouds unimportant. Satellite receivers in the
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mm/sub-mm capable of measuring polarized radiation can give addi-
tional information for the retrieval of the shape of ice crystals in cirrus
clouds. In Evans and Stephens (1995b), it is demonstrated that the
ratio of brightness temperature depressions for the horizontal and the
vertical polarization contains information about the particle shape. In
a later study by Evans et al. (1998), where use of multiple frequen-
cies was suggested to estimate the particle size, it was shown that it
is possible to make a rough sorting between rosettes and columns at
880 GHz at a viewing angle of 49◦. Another study which examined the
potential of the mm-submm polarization measurements to get infor-
mation on the cirrus microphysical properties is by Miao et al. (2003).
However, investigations of polarization ratio to estimate particle shape
is still not in an established stage.

To make such retrievals practical, it is first desired to develop a
radiative transfer model that can simulate the radiances by prop-
erly taking into account the ice particle multiple scattering in this
frequency range. The studies presented by Miao et al. (2003) and
Czekala and Simmer (1998) show that it is essential to take into ac-
count the polarization due to oriented non-spherical ice particles. A
review of the existing polarized radiative transfer models that can
be used in the microwave range shows that they all assume plane-
parallel atmospheric layers (Emde and Sreerekha, 2004). It is clear
that for simulating limb radiances this is a serious drawback. More-
over, clouds are inhomogeneous in the horizontal also. Therefore for
limb measurements and down-viewing measurements having large off-
nadir viewing angles, the assumption of a spherically symmetric or a
plane-parallel geometry is not enough. Therefore it is necessary that
for a realistic simulation a three-dimensional radiative transfer model
has to be developed. The results from Roberti et al. (1994), who com-
pared three-dimensional Monte Carlo model results to plane parallel
model results, showed that at scattering frequencies, the brightness
temperatures are colder for the plane-parallel model compared to the
3-D model. For off-nadir observations, differences mainly result from
the weakness of the plane parallel model that it cannot treat the edges
of clouds properly.

The arts clear sky rt model (Buehler et al., 2005), developed at the
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University of Bremen, Germany in collaboration with the Chalmers
University of Technology, Sweden, is used as a forward model for limb-,
up-, and down-looking measurements. The clear sky radiances have
been compared to those of other models (Melsheimer et al., 2004),
and validated against satellite measurements (Buehler et al., 2004).
arts was chosen as the best platform for the development of the scat-
tering model. The vector radiative transfer equation is solved using
a Discrete Ordinate ITerative (doit) method (Emde et al., 2004).
This involves the calculation of the radiation at a number of discrete
angles. The method was tested initially on a simple one-dimensional
plane-parallel rudimentary model (Sreerekha et al., 2002). In addition
to the doit method, a three-dimensional Monte Carlo method for
solving the radiative transfer equation has also been implemented in
arts (Davis et al., 2005). The development of the arts–doit radia-
tive transfer model, the simulation results for different ice and liquid
cloud scenarios and the comparison to satellite observations are the
focus of this thesis.

The thesis is organized as follows: Chapter 2 gives a short review
of the cirrus cloud microphysical properties. In addition to the in-
formation based on literature, the Chapter also presents a study on
the ice and the liquid water content and the cloud altitude based on
the ecmwf (European Centre for Medium Range Weather Forecasts)
global model.

Chapter 3 discusses in brief the theoretical background related to
scattering, introduces the concept of Stokes vectors, and defines the
single scattering properties. The single scattering properties of ice
particles showing their dependence on the frequency, the particle size,
and the shape are presented.

Chapter 4 introduces the arts radiative transfer model. The chap-
ter begins with a short introduction of the radiative transfer theory
and the vector radiative transfer equation. A short description of the
methods to solve the radiative transfer equation and microwave radia-
tive transfer models that are already existing are presented. Finally,
the arts radiative transfer development is discussed with special ref-
erence to modules that are especially important for down-looking sen-
sors.



18 1 Introduction

Chapter 5 presents simulations showing the impact of ice and liq-
uid clouds on upwelling microwave radiation. The dependence of the
brightness temperature on cloud properties like the ice water path
(iwp), the liquid water path (lwp), the effective size of the particles
comprising the cloud, the shape of the particle and the cloud altitude
are examined. The effects of the surface emissivity and the viewing
angle on cloudy radiances are also examined.

Chapter 6 presents a case study which is used to compare the arts
simulated brightness temperatures to amsu-b observations. The input
fields for the simulation is taken from a mesoscale model. Results of the
comparison and reasons for the observed discrepancies are outlined.

Chapter 7 presents the overall summary and conclusions. Thoughts
on future work that can be done using arts are also presented in
brief.



2 A review on cloud microphysical
properties

2.1 Introduction
For studying the impact of clouds on the radiative transfer at mi-
crowave wavelengths, it is essential to obtain information on the fol-
lowing cloud characteristics:
– The phase of the particle forming the cloud
– The temperature of droplets or ice crystals
– The cloud water content (liquid/ice)
– The size distribution of particles
– The shape, especially of ice particles
– The orientation of ice particles
– The vertical and the horizontal extent of the cloud
The size distribution and the phase of hydrometeors vary widely de-
pending on the particular cloud type or the precipitation event as
well as on the ambient temperature, the geographical location, and
the time of the year (Gasiewski, 1993). The absorption and the scat-
tering of hydrometeors are largely dependent on the size distribution,
the shape, and the orientation, which can be seen from Subsection
3.4.2 of Chapter 3. This in turn has an impact on the radiative trans-
fer in the presence of clouds, which is demonstrated in the simulations
in Chapter 5. Additionally, the ice water content (iwc) and the loca-
tion of the cloud also modify the propagation of radiation through
the cloud. Especially in the case of ice particles in cirrus clouds, they
exhibit a wide range of habits (Heymsfield and Platt, 1984), although
for simplicity reasons, a spherical shape is often assumed in radia-
tive transfer models. However, where polarization characteristics of
oriented ice particles are of interest, this assumption is too simplistic.

19



20 2 A review on cloud microphysical properties

Our attempt here is a short survey of the available information on
the above characteristics in the literature. There are several overview
articles and books on cloud microphysics. A description on the micro-
structure of clouds consisting of water drops and ice particles is given
in Pruppacher and Klett (2000). Another overview on several in-situ
cirrus cloud measurements over the midlatitude and the tropics is
given in Heymsfield and McFarquhar (2002). A summary of the phys-
ical properties of ice clouds is given in Dowling and Radke (1990). The
range of variability of these parameters will help to understand and
justify the sensitivity studies performed in Chapter 5. The information
on the ice and the liquid water content as well as on the cloud alti-
tude obtained from the European Centre for Medium Range Weather
Forecasts ReAnalysis (era)-40 data is presented in Section 2.5.

2.2 Particle phase and temperature
The phase of any cloud particle is closely related to the ambient tem-
perature. The temperature of particles in clouds differs from the sur-
rounding temperature usually by only a few tenths of a degree except
for very dense cumulus clouds where the difference can be above a
degree (Brussard and Watson, 1995). Above 0 ◦C it can generally be
assumed that clouds consist of liquid droplets, whereas the presence
of super-cooled liquid droplets complicates the cloud phase structure
below 0 ◦C. The radiative properties are distinctly different for ice and
liquid particles which is also shown in Chapter 3. The percentage of
hydrometeors in the liquid phase relative to the ice phase decreases
approximately linearly with temperature, from about 100% at 0 ◦C
to 0% at the temperature of homogeneous ice nucleation, which is
generally between −20 to −40 ◦C (Rogers and Yau, 1989). The ho-
mogeneous nucleation temperature for pure super-cooled liquid water
depends on the drop size; smaller drops tend to require lower tempera-
tures, although at −40 ◦C, almost all drops are frozen. Heterogeneous
nucleation by atmospheric aerosols can raise the nucleation temper-
ature to approximately −20 ◦C. Based on a large number of aircraft
observations over various parts of the world, Pruppacher and Klett
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(2000) suggested that super-cooled clouds are quite a common oc-
currence in the atmosphere especially if the cloud top temperature is
warmer than −10 ◦C. However, with decreasing temperature, the like-
lihood of ice increases such that at −20 ◦C only about 10% of clouds
consist entirely of super-cooled liquid drops. According to observa-
tional data by Tverskoi (1965) the greater part of a cloud consists of
liquid droplets down to temperature of −12 ◦C to −16 ◦C. Heymsfield
and Sabin (1989) reported frequent occurrences of liquid drops even
at the cirrus cloud level of −38 ◦C.

2.3 Liquid clouds
The vertical extent of clouds, especially the convective clouds de-
creases in winter and increases in summer and clouds become 1 to 2 km
deeper upon transition from temperate to tropical latitudes (Feigel-
son, 1984). The lower boundary of the tropical convective clouds is
at a height of 1.5 to 3 km, which is higher than for clouds in the
midlatitudes.

The water content of a cloud is the mass of water in the condensed
state per unit volume. The amount of water in a cloud is usually
considerably less than the amount of vapour. The cloud liquid water
content increases with height above the cloud base, assumes a max-
imum somewhere in the upper half of the cloud and then decreases
again towards the cloud top. Although the value of the liquid wa-
ter content varies among different cloud types, the following values
are suggested in Pruppacher and Klett (2000): Cumulus (early stage),
0.2 to 0.5 g m−3; Cumulus (later stage), 0.5 to 1.0 g m−3; dense cu-
mulus congestus and cumulonimbus, 0.5 to 3.0 g m−3; alto-cumulus
and alto-stratus, 0.2 to 0.5 g m−3; stratus and stratocumulus, 0.01
to 0.5 g m−3; nimbo-stratus, 0.2 to 0.5 g m−3. In cumulus with high
updrafts, liquid water contents up to 5 g m−3 were observed (Poellot
and Pflaum, 1989). Liquid water contents up to 14 g m−3 were ob-
served in some thunderstorms (Musil and Smith, 1989; Hobbs et al.,
1980). Salby (1996) also suggested values for stratus of the order of
0.5 g m−3, but higher for cumulonimbus, about 2.5 g m−3. According
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to Seinfeld and Pandis (1998), the liquid water content ranges from
approximately 0.05 to 3 g m−3 with most of the observed values in the
0.1 to 0.3 g m−3 region. The values are summarized in Table 2.1.

Table 2.1: Summary of the liquid water content ranges

Cloud Type lwc References
[g m−3]

cumulus(early stage) 0.2–0.5 Pruppacher and Klett (2000)
cumulus (later stage) 0.5–1.0 Pruppacher and Klett (2000)
dense cumulus congestus and
cumulonimbus

0.5–3.0 Pruppacher and Klett (2000)

cumulonimbus 2.5 Salby (1996)
alto-cumulus and alto-stratus 0.2–0.5 Pruppacher and Klett (2000)
sratus and stratocumulus 0.01–0.5 Pruppacher and Klett (2000)

stratus 0.5 Salby (1996)
nimbo-sratus 0.2–0.5 Pruppacher and Klett (2000)
cumulus with high updrafts up to 5 Poellot and Pflaum (1989)

thunderstorms up to 14 Musil and Smith (1989)

The drop size distribution of cumulus clouds depends strongly on
the development stages of the clouds, ranging from the developing
stage with no precipitation to a mature stage and then to dissipating
stage with large cloud drops and precipitation. Nevertheless, the drop
size distributions measured in many different types of clouds under
a variety of meteorological conditions exhibit a characteristic shape
that can be approximated reasonably well either by a gamma dis-
tribution or a log-normal distribution (Pruppacher and Klett, 2000).
According to Liou (2002), low clouds (stratus and cumulus, with base
height ∼ 2 km) and middle clouds (alto-cumulus and alto-stratus) are
composed of spherical water droplets with sizes ranging from ∼ 1 µm
to 20 µm. The size of a typical water droplet is of the order of 5 µm.
Small water droplets are spherical in nature because of the require-
ment of surface tension to hold the water molecules together. The size
spectra of stratus and cumulus are the simplest with a single maxi-
mum, whereas the spectra of nimbo-stratus and cumulonimbus exhibit
a secondary maximum (Salby, 1996). Seinfeld and Pandis (1998) re-
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ported that cloud droplet sizes vary from a few micrometers to about
100 µm with average diameters usually in the 10 to 20 µm range. The
droplet spectrum is wider for orographic clouds, less wide for stratus
and narrow for cumulus cloud types.

2.4 Cirrus clouds
Based on surface observations and satellite observations, the global
mean cirrus cloud cover is between 20% and 50% depending on the
season and the geographical location (Dowling and Radke, 1990). A
literature-consistent set of typical parameters for the physical char-
acteristics of cirrus clouds including the macro-physical properties of
cirrus like the cloud thickness, the cloud center height, and the hori-
zontal extent as well as the microphysical properties like the crystal
number density, the condensed water content, the crystal shape and
the size distribution is given in Dowling and Radke (1990).

Based on a detailed information on the thickness and the height us-
ing several measurement techniques like lidar, Radar, balloon-borne
frost-point hygrometers, dual theodolite and aircraft visual observa-
tions, and satellite observation, a reasonable estimate for the typical
thickness of cirrus clouds is about 1.5 km (Dowling and Radke, 1990).
The measured thickness ranges from 0.1 to 8 km. The maximum height
is determined by the tropopause height. This explains why tropical cir-
rus can be found at higher altitudes compared to midlatitude cirrus.
Immler and Schrems (2002) reported high altitude tropical cirrus us-
ing lidar measurements on-board the research vessel Polarstern. The
clouds were at an altitude between 14 km and 17 km and the cloud
tops were often found at the thermal tropopause. For the measure-
ments made over the continental United States (Wylie and Menzel,
1989), the typical value of the cloud center altitude is reported to be
at about 9 km with a range of 4 to 20 km. Dowling and Radke (1990)
presented the results of several lidar measurements of cloud altitude
and thickness, and their ranges.

The iwc in cirrus generally decreases with decreasing temperature
according to the ice content data collected in a variety of cirrus types,
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locations and times of the year (Heymsfield and McFarquhar, 2002).
There are no direct measurements of iwc using in-situ probes, they
are estimated from the particle size and shape using known relation-
ships among mass, area and dimension. According to Dowling and
Radke (1990), a reasonable estimate of the iwc for typical cirrus is
about 0.025 g m−3 with a range of 10−4 to 1.2 g m−3. For tropical cir-
rus, Salby (1996) suggests an iwc of about 0.2 g m−3. The anvil of
cumulonimbus clouds reaches an iwc of about 1 g m−3 according to
Pruppacher and Klett (2000).

On average, ice particles are smaller at colder temperatures (Note
that ice particles are synonymously referred as ice crystals also else-
where in the text.). In midlatitudes, Heymsfield and Platt (1984) pa-
rameterized the cirrus particle size spectrum based on the information
on cloud ice water content and temperature. In this parameterization,
the number concentration drops exponentially with increasing size.
The exponential slope steepens as the temperature decreases, implying
that there are fewer of the larger ice crystals on average at lower tem-
peratures. For temperatures lower than −40 ◦C, substantially more
large crystals were found in tropical cirrus than in midlatitude cirrus
(McFarquhar and Heymsfield, 1997). Similar to Heymsfield and Platt
(1984), McFarquhar and Heymsfield (1997) also parameterized an av-
erage ice crystal size distribution for tropical cirrus dependent on ice
water content and temperature. The number distribution function is
expressed as the sum of a first order gamma distribution for parti-
cle mass equivalent diameter Dm less than 100 µm and a log-normal
distribution for Dm larger than 100 µm. The shapes of the tropical dis-
tributions differ from that of midlatitudes especially at temperatures
lower than −40 ◦C. Typically for both midlatitude and tropical cirrus
cases, when temperature exceeds −40 ◦C, the largest particles often
exceed 1 mm in length whereas below about −60 ◦C they are at most
at 10 to 100 µm. According to Heymsfield and McFarquhar (2002),
this dependence on temperature mirrors the variation of saturation
vapour density with temperature. A secondary factor is the ice crys-
tal fallout which means that the larger crystals at colder temperatures
fall to warmer temperatures leading to a depletion of larger crystals
at colder temperatures and an addition at warmer temperatures.
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Compared to liquid droplets, the most distinguishing feature of ice
crystals is that they exist in complex shapes. According to Weick-
mann (1948), who first characterized the shapes of ice crystals, for
cirrus types where the conditions in the cirrus generating cells are
close to the water saturation, the ice crystals had the shape of bul-
let rosettes. The crystals were mostly found to be prisms where they
grow somewhere between ice and water saturation. The crystals were
primarily columns, prisms, and plates in cases where relative humidi-
ties were somewhere near the ice saturation. In midlatitude cirrus,
ice crystal shapes are generally classified as a function of tempera-
ture (Heymsfield and Platt, 1984). Hollow columns and hexagonal
plates are the most abundant types near the cloud top for most cir-
rus types. Spatial ice crystals like bullet rosettes are the predominant
forms above about −40 ◦C while hollow or solid columns prevail be-
low about −50 ◦C. In between these temperatures, convective cirrus
contains predominantly spatial crystal forms, whereas stable cirrus
are primarily composed of hollow columns. The shape and size dis-
tributions of ice crystals are poorly known in tropics (Liou, 2002).
Based on the available aircraft measurements of tropical cirrus, it was
observed that the predominant shapes are similar to those occurring
in midlatitude cirrus: bullet rosettes, aggregates, hollow columns, and
plates. Crystals smaller than 100 µm were reported to assume a quasi-
spherical shape (Heymsfield and McFarquhar, 1996). The maximum
dimension of the crystals typically ranged between 100 and 300 µm
for thick plates and columns, between 200 and 800 µm for bullets, and
bullet rosettes, and between 400 and 1500 µm for aggregates (Prup-
pacher and Klett, 2000). Figure 2.1 shows the vertical profile of ice
crystal shapes in cirrus cloud from a balloon-borne Formvar ice crystal
replicator during the First ISCCP Regional Experiment-II (fire-ii)
campaign (Kinne et al., 1997).

To summarize, the size and habit of ice crystals can be quite variable
even within a single cloud owing to the complex growth and evapora-
tion environment provided by the atmospheric phenomena producing
or sustaining the cirrus. Based on several measurement campaigns
Dowling and Radke (1990) arrived at a reasonable estimate for the
typical cirrus ice water content to be 0.025 g m−3 with a range of
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Figure 2.1: Vertical profile of ice crystal shapes in cirrus cloud from a
balloon-borne Formvar ice crystal replicator during the FIRE-II Cirrus field
campaign. This particular image was obtained on 11/25/91, 1337 UTC
– Coffeyville, Kansas. Courtesy: This figure is taken from the webpage
http://www.mmm.ucar.edu/science/cirrus/projects/FIRE/

10−4 to 1.2 g m−3 and the typical crystal length to be 250 µm with
a range of 1 to 8000 µm. These values do not result from an analy-
sis of the tabulated data, but represent numbers that are considered
consistent with most of the published studies. The particle size dis-
tributions are sometimes multiple size distributions or separate size
distributions for various ranges of cloud temperature (Heymsfield and
Platt, 1984). Based on Pruppacher and Klett (2000), Heymsfield and
Platt (1984), and Dowling and Radke (1990) the typical habits of ice
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crystals are columns, bullets rosettes and plates with aspect ratios of
roughly 1 to 5. While examining the riming effect of ice crystals, Ono
(1969) found columnar ice crystals which had the ratio of their major
to minor axes up to about 9 and plate crystals which had the ratio of
their thickness to diameter up to about 15.

According to Ono (1969), freely falling ice crystals are oriented so as
to offer maximum resistance to motion. Accordingly, columnar crys-
tals fall with their major axis horizontal and plate crystals with their
main faces horizontal. The bidirectional polarized radiances measured
by the polder (POLarization and Directionality of the Earth Re-
flectance) satellite instrument (Deschamps et al., 1994) was used to
determine the frequency of occurrence of preferably oriented ice crys-
tals on a global scale (Chepfer et al., 1999). The results indicate that
at least 40% of the ice particles are horizontally oriented, mostly in the
upper layers of ice clouds. Brussard and Watson (1995) discussed the
orientation mechanism of ice particles and arrived at the conclusion
that all particles with the largest dimension greater than 50 µm are
usually horizontally aligned, whereas smaller particles are randomly
aligned. Normally, when it is mentioned that the particles are aligned
horizontally, it assumes that they are oriented randomly in the az-
imuth. In the presence of wind shear or electrostatic forces, especially
for needles, the orientation in the azimuth also can be systematically
aligned.

2.5 Cloud water content and altitudes
from ECMWF data

In order to do radiative transfer simulations in the presence of clouds,
for remote sensing applications, information regarding the cloud char-
acteristics mentioned in Section 2.1 is essential on a spatial and tem-
poral scale comparable to the globally available satellite data. The
in-situ data that can be obtained from ground-based or aircraft mea-
surements are spatially and temporally limited. For example, the mi-
crophysical properties regarding tropical anvil cirrus are not known
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very well because they occur at very high altitudes. In addition to
cloud resolving models, which give detailed cloud microphysics includ-
ing the size distribution of droplets and particles, general circulation
models as well as numerical weather prediction models also include
cloud parameterizations. The information from cloud resolving models
is obviously more useful to be used in radiative transfer simulations,
but they are computationally too expensive to be run globally due
to their high spatial resolution. In this section, ecmwf Re-Analysis
(era-40) data is used to obtain global statistics related to iwc, lwc
and cloud altitudes.

The era-40 data has a horizontal resolution of 125 km with 60 verti-
cal levels from the surface to about 65 km and is available at a six-hour
interval (Simmons and Gibson, 2000). The coarse horizontal resolu-
tion clearly illustrates that these data cannot resolve cloud processes
that occur on a finer spatial scale. The cloud parameterization in this
model aims to obtain information related to the cloud fraction and the
condensate content in a grid box of about hundred square kilometer
based on the knowledge about the average dynamics and thermody-
namic variables obtained at the grid box boundaries. era-40 data uses
the cloud parameterization developed by Tiedtke (1993), where both
the cloud fraction and the condensate content are prognostic vari-
ables. The distinction between ice and liquid clouds are solely based
on temperature; pure ice clouds below −23 ◦C, mixed phase clouds
between −23 ◦C and 0 ◦C, and pure liquid clouds above 0 ◦C. A quali-
tative comparison of the ecmwf model ice water content with the ice
water content obtained from combined Radar reflectivity and infrared
interferometer data shows that the model severely overestimates low
ice contents and underestimates the events with intermediate values
(Mace et al., 1998).

The statistical analysis presented here uses percentiles instead of
means because of the large range in the cloud properties over the
globe. The analysis is based on zonal averages for the years 2000,
2001, and 2002. The seasonal averages are calculated for the months
December, January, and February (djf) and June, July, and August
(jja).
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Figure 2.2: The median and percentiles of iwp (top panel) and lwp (bottom
panel) over the different latitudinal regions for djf and jja.

2.5.1 Ice and liquid water content

The top panel in Figure 2.2 shows the latitudinal variability of the
ice water path (iwp) percentiles for djf and jja, and the bottom
panel shows the same for the liquid water path (lwp). The iwp gives
the integrated ice water content and lwp gives the integrated liquid
water content. The dotted line is the 25th percentile, the solid line
is the median, the dashed line is the 75th percentile, and the dash-
dotted line is the 95th percentile (note that over clear sky regions
where iwp or lwp are zero, the lines remain unconnected because of
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the log-scale used for plotting). The negative latitudes represent the
southern hemisphere and the positive latitudes represent the northern
hemisphere.

For example, the median curve for djf shows that 50% of the cases
in the winter of northern hemisphere between latitudes 20◦ to 30◦

correspond to clear sky situations with respect to ice clouds. Simi-
larly, from the jja plot for the southern hemispheric winter there are
50% clear sky situations between latitudes −10◦ to −30◦. The clear
regions correspond to the sinking branch of the Hadley cell in the
sub-tropics which are zones of downward or only weak upward mo-
tion, where cloud formation is suppressed (Peixoto and Oort, 1992).
The peaks in the median curve, slightly shifted to the summer hemi-
sphere for both djf and jja, are consistent with the position of the
Inter-Tropical Convergence Zone (itcz). Both djf and jja plots show
that there are three peaks for iwp, one close to the equator and the
other two close to 60◦ in both hemispheres. The equatorial peak cor-
responds to the strong convection in the itcz. The maximum close
to 60◦ is associated with the increase of cloudiness associated with
polar fronts. One can also clearly see from the median curve that
the minimum is weaker for northern hemisphere summer compared
to southern hemisphere summer. This could be due to the activity
of summer monsoons, which make the minimum less visible (Jakob,
2002). The variability, as indicated by the difference between the 75th
percentile and 25th percentile, is large for regions of low iwp com-
pared to regions of high iwp. From the 95th percentile it can be seen
that the ecmwf data shows more than 100 g m−3 of ice for 5% of the
cases.

The liquid water path (lwp) shows similar latitudinal variations
as the iwp, though the sub-tropical minima are not as pronounced.
It can be seen from the 25th percentile plots for both djf and jja
that from 50◦ South to 50◦ North, at least 75% cases are non-clear
with respect to liquid clouds. During northern hemisphere summer,
even for the polar regions at least 75% are non-clear cases. This is
because over the Arctic in summer warm and moist air masses invade
the cold polar regions leading to low-level stratus clouds (Peixoto and
Oort, 1992). For the southern hemisphere, beyond 50◦ the lwp drops



2.5 ecmwf data 31

towards the poles. The variability is less for all latitudinal regions
except near regions of low lwp in northern hemisphere winter, where
there is a large difference between the 25th percentile and the 75th
percentile.

2.5.2 Ice and liquid cloud altitude

The iwp does not give information on the vertical extent of ice clouds.
Therefore, the ice content information from the ecmwf data was
used to obtain an estimate of the vertical extent, namely the cloud
top and bottom heights. The ice cloud top height corresponds to the
highest altitude where iwc is greater than 10−8 g m−3. Similarly, ice
cloud bottom height corresponds to the lowest altitude where iwc is
greater than 10−8 g m−3 (P. Bauer, Personal communication, 2004).
This value corresponds to the threshold value of condensate for the
existence of a cloud in the model (Comstock and Jakob, 2004). In a
similar fashion one can define cloud top and bottom for liquid clouds.

From the top panel of Figure 2.3 it can be seen that close to equa-
torial regions, for 75% of the cases the ice cloud top height is higher
than 15 km for both jja and djf. Towards the midlatitude regions, the
ice cloud top height decreases. This is consistent with the tropopause
height in these regions. Near the equatorial regions, for 5% of the cases
the ice cloud top height exceeds 17 km for both hemispheres as can be
seen from the 95th percentile. This can be to the presence of high con-
vective cirrus. It also shows that near 50◦ latitudinal regions, for 5% of
the cases the ice cloud top height exceeds 12 km for both hemispheres.
The median is at around 16 km for equatorial regions and goes down
towards polar regions. In the northern hemisphere summer, ice cloud
top heights are higher than those in the southern hemisphere. The
median cloud height presented here is very close to the mean cloud
height obtained from the sage data (Dowling and Radke, 1990). An-
other interesting feature is the increased ice cloud top height in the
southern polar regions during the southern hemisphere winter for the
95th percentile. This suggests that in 5% of the cases, the ice cloud
top height is higher than 22 km for the southern hemisphere winter.
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Figure 2.3: The median and percentiles of ice cloud top height (top panel)
and liquid cloud top height (bottom panel) over the different latitude regions
for djf and jja.

This can be attributed to the presence of polar stratospheric clouds
which occur in the altitude range 10–25 km and which occur during
southern winter (Seinfeld and Pandis, 1998). The variability in the
ice cloud top height is less around the equator whereas towards the
poles the variability increases as indicated by the difference between
the percentiles.

Obviously, compared to the ice cloud top heights, the liquid cloud
top heights are at a lower altitude for all latitudes and for all seasons.
This can be seen from the bottom panel of Figure 2.3. The maximum
cloud top height is at the equator and then decreases towards the
poles. The median cloud top heights are higher than 4 km only during
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Figure 2.4: The median and percentiles of ice cloud bottom height (top
panel) and liquid cloud bottom height (bottom panel) over the different
latitude regions for djf and jja.

summer time close to the equator. For djf, the variability is less at
the poles compared to other latitudes. The variability is less at the
southern hemisphere polar regions during winter (jja) and close to
the equator compared to all other latitudinal regions.

Figure 2.4 shows the result of a similar statistical analysis for the
cloud bottom height. From the top panel which corresponds to ice
clouds, it can be seen that the median is almost a constant, about
5 km, for both jja and djf in the latitudinal belt −40◦ to +40◦. For
the northern hemisphere during both summer and winter, the ice cloud
bottom height decreases steadily towards the poles. For the southern
hemisphere, during both summer and winter, the median curve shows
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a minimum at around 60◦ after which the cloud bottom height in-
creases towards the poles. The presence of very few cases where the
ice cloud bottom height is close to the tropical tropopause height can
be attributed to the presence of cirrus detached from convection which
are often thin and located near the tropical tropopause in contrast to
anvil cirrus that have a lower cloud base height (Comstock and Jakob,
2004). The median curve is close to the 25th percentile curve. The 75th
percentile and 95th percentile show a peak in the ice cloud bottom
height in the winter hemisphere close to 15◦ latitude. Only at these
peak regions, there is a large variability.

Like ice cloud bottom height, liquid clouds also do not show much
dependence on the season. The liquid cloud bottom height shows only
very little latitudinal variability except at the southern hemisphere
polar regions. For 75% of the cases the liquid cloud bottom height
remains less than 1 km for all latitudes. This result qualitatively agrees
with the cloud altitude climatology depicted in Seinfeld and Pandis
(1998).



3 Scattering theory and single
scattering properties

3.1 Introduction
Electromagnetic scattering by particles is relevant to many atmo-
spheric remote sensing problems (Mishchenko et al., 2002; Stephens,
1994; Liou, 2002). Particle scattering can be explained electro-mag-
netically by considering the particle as an aggregate of discrete el-
ementary electric charges. The oscillating incident electromagnetic
wave excites the electric charge to oscillate with the same frequency
thereby radiating secondary electromagnetic waves in all directions.
If the particle is absorbing, it causes dissipation of energy from the
incident electromagnetic wave into the medium. Absorption and scat-
tering together account for the reduction of energy of the incident
wave, called extinction.

Electromagnetic scattering is a complex phenomenon because the
secondary waves generated by each oscillating charge also stimulate
oscillations in the neighboring charges. To compute the total scattered
field by superposing the secondary waves, one must take into account
their phase differences which depend on how the charges are arranged
to form the particle with respect to the incident and scattered direc-
tions (Mishchenko et al., 2002).

Computing the scattered field generated by a number of elemen-
tary charges by superposing all secondary waves is impracticable even
with the aid of powerful computers. The basis of modern theory of
electromagnetic scattering by small particles is to treat the large col-
lection of charges as a macroscopic body with a specific density and
refractive index and then computing the scattered field by solving the

35
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Maxwell equations for the macroscopic electromagnetic field, subject
to appropriate boundary conditions.

One problem encountered in this approach is to account for the
constantly varying spatial configuration of the particles. A typical
example is that of a cloud of water droplets or ice crystals in which the
particles are constantly moving during which they even change their
size and shape. The assumption of independent scattering can greatly
simplify this problem. This assumes that the particles are situated
far enough apart that each particle scatters light in exactly the same
manner as if the other particles did not exist. The total scattered field
can then be approximated by the sum of the fields generated by the
individual particles in response to the external field in isolation from
the other particles. This is called the single scattering approximation.
The scattering, and absorption properties of a small volume element
containing the particles can be calculated by summing the respective
characteristics of all constituent particles.

The single scattering approximation is not valid when it has to be
considered that each particle encounters the incident radiation as well
as the radiation that is once scattered by another particle. The ap-
proach to solve the multiple scattering problem is to solve the radiative
transfer equation. To solve the radiative transfer equation also one as-
sumes that the particles forming the scattering medium are randomly
positioned and widely separated and that the extinction and phase
matrices of each small volume element can be obtained by incoher-
ently adding the respective characteristics of the constituent particles.

This chapter reviews the basic theory and definitions related to
scattering and polarization. This includes the definition of the Stokes
vector, the amplitude matrix, the phase matrix, the extinction ma-
trix, and the absorption vector. The special case of a macroscopically
isotropic and mirror symmetric scattering medium and the calcula-
tion of the single scattering properties for this case using the T-matrix
method is presented. This part will form a basis for the introduction
of the radiative transfer equation and its solution discussed in Chap-
ter 4 as well as for the understanding and the interpretation of the
results of the radiative transfer calculation that are presented in Chap-
ters 5 and 6. The scattering theory presented here is mainly drawn
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from Mishchenko et al. (2002). Detailed derivations related to some
concepts discussed here can also be found in this reference.

3.2 Scattering theory
The scattering properties of a medium composed of discrete particles
can be derived by formulating the Maxwell equations and deriving a
plane wave solution. The plane wave solution is given by

Ec(r, t) = E0 exp(iki · r) exp(ikr · r − iωt), (3.1)

Hc(r, t) = H0 exp(iki · r) exp(ikr · r − iωt). (3.2)

Here, E0 exp(iki · r) and H0 exp(iki · r) are the amplitudes of the
electric and magnetic waves respectively, and exp(ikr ·r− iωt) is their
phase. Here, r is the position vector, ω, the angular frequency and t
the time. The wave vector k is constant and in general is complex.

k = kr + iki, (3.3)

where kr and ki are real vectors.
For a homogeneous plane wave, where kr ‖ ki, k = (kR + ikI)n̂, it

can be derived from Maxwell equations that

k.k = ω2εµ. (3.4)

Here, n̂ is the unit vector in the direction of propagation. The wave
number can then be obtained as

k = kR + ikI = ω
√
εµ =

ωm

c
, (3.5)

where m is the complex refractive index, ε and µ are the permittivity
and the permeability of the medium, and c is the speed of light in
vacuum. The speed of light can be expressed as

c =
1

√
ε0µ0

, (3.6)

where ε0 and µ0 are the permittivity and the permeability of vacuum.
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The complex refractive index m has non-negative real part mr and
non-negative imaginary part mi.

m = mr + imi =
√

εµ

ε0µ0
= c

√
εµ. (3.7)

Substituting for kr and ki makes the plane wave form of the equation
to be (only the electric field vector is shown here)

Ec(r, t) = E0 exp(−ω
c
min̂ · r) exp(i

ω

c
mrn̂ · r − iωt). (3.8)

From Equation (3.8), it can be seen that the imaginary part of the
refractive index determines the decay of the amplitude of the wave
as it propagates through the medium, which thus defines absorption.
The real part of the refractive index determines the phase velocity of
the wave.

The Poynting vector describes the flow of electromagnetic energy,

〈S(r)〉 =
1
2

Re[E(r)×H∗(r)], (3.9)

where 〈·〉 denotes the time average. For homogeneous waves this be-
comes,

〈S(r)〉 =
1
2
Re{

√
ε

µ
} |E0|2 exp(−2

ω

c
min · r)n̂. (3.10)

Note that 〈S(r)〉 is in the direction of propagation and its absolute
value

I(r) = |〈S(r)〉| (3.11)

is called the intensity and is exponentially attenuated provided that
the medium is absorbing.

I(r) = I0 exp(−αn · r), (3.12)

where I0 is the intensity at r = 0. The absorption coefficient α is given
by

α = 2
ω

c
mi =

4πmi

λ
, (3.13)

where λ is the free-space wavelength.
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3.2.1 Coordinate frames

To describe the scattering of a plane electromagnetic wave, a right
handed Cartesian coordinate system, L, with orientation fixed in space
having its origin inside the particle is chosen. This is referred to as
the laboratory reference frame. The direction of propagation of the
incident and the scattered transverse electromagnetic wave is specified
by a unit vector n or, equivalently by (θ, ψ), where θ ∈ [0, π] is the
polar (zenith) angle measured from the positive z-axis and ψ ∈ [0, 2π]
is the azimuth angle measure from the positive x-axis in the clock-
wise direction when looking in the direction of positive z-axis (see
Figure 3.1).

Figure 3.1: The left plot shows the laboratory coordinate system and the
right plot shows the Euler angles of rotation transforming the laboratory
frame of reference into the particle frame of reference. The figures are
adapted from Mishchenko et al. (1998)

The orientation of the particle with respect to the laboratory refer-
ence frame, is specified by a right-handed coordinate system fixed to
the particle having the same origin as the laboratory reference frame.
This coordinate system is referred to as the particle reference frame.
The orientation of the particle with respect to the laboratory reference
frame is specified by three Euler angles of rotation α, β and γ that
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transform the coordinate system L(x, y, z) into the coordinate system
P (x′, y′, z′). The three Euler rotations are:
1. Rotation of the laboratory coordinate system about the z-axis

through an angle α ∈ [0, 2π], re-orienting the y-axis such that it
coincides with the line of nodes. (i.e., the line formed by the inter-
section of the xy- and x′y′-planes.)

2. Rotation about the new y-axis through an angle β ∈ [0, π].
3. Rotation about the z′-axis through an angle γ ∈ [0, 2π] .
An angle of rotation is positive if the rotation is performed in the
clockwise direction when one is looking in the positive direction of the
rotation axis.

Most of the available analytical and numerical methods solve the
scattering problem in the particle reference frame for a given orienta-
tion of the particle relative to the laboratory reference frame. There-
fore, in order to solve the scattering problem in the laboratory refer-
ence frame, one has to determine the incident and scattering directions
in the particle reference frame, solve the scattering problem and then
transform back to the laboratory reference frame.

3.2.2 Amplitude matrix

Consider a plane electromagnetic wave with the electric field vector

Einc(r) = Einc
0 exp(ikn̂inc · r − iωt) (3.14)

incident upon a particle in a direction n̂inc. Here r is the position
vector connecting the origin of the laboratory coordinate system and
the observation point. Because of the linearity of Maxwell’s equations
and boundary conditions, it must always be possible to express the
scattered electric field linearly in the incident electric field. In the far-
field region (kr � 1, r = |r|), the scattered wave becomes spherical
and is given by(

Esca
θ

Esca
φ

)
=
eikr

r
S(n̂sca; n̂inc;α, β, γ)

(
Einc

0θ

Einc
0φ

)
. (3.15)

Here, S is the 2 × 2 amplitude matrix that linearly transforms the θ
and ψ components of the incident plane wave into the θ and ψ com-
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ponents of the scattered spherical wave. The time factor exp(−iωt)
is suppressed in this equation. The amplitude matrix depends on the
directions of incidence and scattering as well as on the size, the mor-
phology and the composition of the scattering particle, and its orien-
tation with respect to the laboratory reference frame specified by the
Euler angles of rotation. The amplitude matrix gives the scattered,
and thereby the total field, thus giving a complete description of the
scattering pattern. The elements of amplitude matrix are complex and
have the dimension of length.

3.2.3 Coherency and Stokes parameters

Although the amplitude matrix gives a complete description of the
scattering process, its measurement is a very complicated problem,
which involves the measurement of amplitude and phase of the in-
cident and scattered wave. Measuring phase is considered to be es-
pecially difficult. Therefore most photometric and polarimetric opti-
cal instruments cannot measure electric or magnetic fields directly,
they rather measure time averages of real-valued linear combinations
of products of field vector components which have the dimension of
intensity. Consider the plane electromagnetic wave propagating in a
medium,

Einc(r) = Einc
0 exp(ikn̂inc · r − iωt). (3.16)

The simplest complete set of such combinations can be formed into
what is referred to as coherency matrix ρ

ρ =

(
ρ11 ρ12

ρ21 ρ22

)
=

1
2

√
ε

µ

(
E0θE

∗
0θ E0θE

∗
0ψ

E0ψE
∗
0θ E0ψE

∗
0ψ

)
. (3.17)

Elements of the coherency matrix have the dimension of monochro-
matic energy flux.

Since ρ12 and ρ21 are in general complex, an alternate complete
set of four real independent quantities are formed by combining the
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elements of the coherency matrix. This is the 4 × 1 vector called the
Stokes vector.


I

Q

U

V

 =
1
2

√
ε

µ


E0θE

∗
0θ + E0ψE

∗
0ψ

E0θE
∗
0θ − E0ψE

∗
0ψ

−E0θE
∗
0ψ − E0ψE

∗
0θ

i(E0ψE
∗
0θ − E0θE

∗
0ψ



=
1
2

√
ε

µ


E0θE

∗
0θ + E0ψE

∗
0ψ

E0θE
∗
0θ − E0ψE

∗
0ψ

−2Re(E0θE
∗
0ψ)

2Im(E0θE
∗
0ψ)


(3.18)

I, Q, U , and V , elements of the Stokes vector, are all real-valued
and have the dimension of monochromatic energy flux and can be di-
rectly measured. Since they form a complete set, any other observable
quantity is a linear combination of Stokes vectors. The complex am-
plitudes E0θ = aθ exp(i∆θ) and E0ψ = aψ exp(i∆ψ) are characterized
by four real numbers: the non-negative amplitudes aθ and aψ and the
phases ∆θ and ∆ψ (∆ψ = ∆θ − ∆). The Stokes parameters carry
information only about ∆ because ∆θ vanishes when an electric field
vector component is multiplied by the complex conjugate of the same
or another field.

The first Stokes parameter I represents the net monochromatic en-
ergy flux, the intensity. The Stokes parameters Q and U describe the
linear polarization and V describes the circular polarization. It can be
verified that the Stokes parameters of a monochromatic plane electro-
magnetic wave are related by a quadratic identity

I2 ≡ Q2 + U2 + V 2 (3.19)

In this case, it is implied that the complex amplitude E0 and therefore
aθ and aψ and the phases ∆θ and ∆ψ are all constant. But in reality,
all these quantities fluctuate in time. Optical devices therefore do
not measure instantaneous values of Stokes parameters. They rather
measure averages of Stokes parameters over a relatively long period
of time. Therefore the definitions of Stokes parameters are modified
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for a quasi-monochromatic beam.

I = 〈E0θE
∗
0θ〉+ 〈E0ψE

∗
0ψ〉 = 〈a2

θ〉+ 〈a2
ψ〉 (3.20)

Q = 〈E0θE
∗
0θ〉 − 〈E0ψE

∗
0ψ〉 = 〈a2

θ〉 − 〈a2
ψ〉 (3.21)

U = −〈E0θE
∗
0ψ〉 − 〈E0ψE

∗
0θ〉 = −2〈aθ aψ cos ∆〉 (3.22)

V = i〈E0ψE
∗
0θ〉 − i〈E0θE

∗
0ψ〉 = 2〈aθ aψ sin∆〉 (3.23)

where brackets indicate the time-average. For a quasi-monochromatic
beam of radiation,

I2 ≥ Q2 + U2 + V 2 (3.24)

The equality holds if the beam is fully polarized. For unpolarized light,
Q = U = V = 0.

When two or more quasi-monochromatic beams propagating in the
same direction are mixed incoherently, the Stokes vector of the mix-
ture is equal to the sum of the Stokes vectors of the individual beams

I =
∑
i

Ii , Q =
∑
i

Qi , U =
∑
i

Ui , V =
∑
i

Vi (3.25)

For example, when considering scattering by a small volume element
of randomly positioned particles, the phase of the individual waves
scattered by the particles depend on the positions of the particles. If
the particles are distributed randomly, then the individual scattered
waves will be incoherent and their Stokes vectors can be added.

It is possible to define the degree of polarization as

P =

√
Q2 + U2 + V 2

I
. (3.26)

The degree of linear polarization is defined as

PL =

√
Q2 + U2

I
, (3.27)

and that of circular polarization as

PC =
V

I
. (3.28)

P is equal to zero for unpolarized light and equal to 1 for fully polar-
ized light.
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3.2.4 Single scattering properties

The phase matrix

From the definition of the amplitude matrix and the Stokes vector,
the transformation of the Stokes vector of the incident plane wave into
those of the scattered spherical wave is given by

Isca =
1
r2

Z(n̂sca; n̂inc;α, β, γ) I inc, (3.29)

where the elements of the Stokes phase matrix Z are quadratic combi-
nations of the elements of the amplitude scattering matrix S. Explicit
formulas for deriving the elements of Z from the elements of the am-
plitude matrix are given in Mishchenko et al. (1998). The elements of
the phase matrix have the dimension of area. The phase matrix de-
pends on the θ and ψ directions of the incident and scattered waves.
Equation (3.29) is valid even when the the incident radiation is quasi-
monochromatic, provided that the Stokes vectors are time-averages.

In general, all 16 elements of the phase matrix are non-zero. But
only seven of the phase matrix elements of a single particle are inde-
pendent. There are nine unique relations among the 16 phase matrix
elements and several useful linear and quadratic inequalities for the
phase matrix elements. Two important inequalities worth mentioning
are Z11 ≥ 0 and |Zij | ≤ Z11.

As mentioned in Section 3.1, the electromagnetic scattering pro-
duces radiation with polarization characteristics different from those
of the incident beam. If the incident beam is unpolarized, with in-
tensity, Iinc, the scattered radiation can have at least one non-zero
Stokes parameter other than the intensity. This gives

Isca = Z11I
inc, Qsca = Z21I

inc, U sca = Z31I
inc, V sca = Z41I

inc

(3.30)

If the incident beam is unpolarized, the degree of polarization in
terms of the elements of the phase matrix is given according to Equa-
tion (3.26) as

P =

√
Z2

21 + Z2
31 + Z2

41

Z11
. (3.31)
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Extinction, scattering and absorption cross-sections

Extinction is a measure of how much the particle depresses the in-
tensity of the incident radiation. Extinction is a combined effect of
absorption in the particle and scattering in all directions by the parti-
cle. A direct consequence of this is that the extinction matrix L can be
expressed in terms of the elements of the forward-scattering amplitude
matrix. The explicit formulas for the elements of the 4× 4 extinction
matrix are given in Mishchenko et al. (1998). All elements of the ex-
tinction matrix have the dimension of area and there are only seven
independent elements. The presence of the scattering particle can also
change the state of polarization of the incident beam resulting from
different attenuation rates for different polarization components of the
incident wave. This phenomenon is called dichroism. The absorption
vector b can be obtained directly from the elements of the extinction
matrix and phase matrix. The formulas to calculate all the elements
of the 4× 1 b are also given in Mishchenko et al. (1998).

The extinction cross-section Cext is the sum of scattering and ab-
sorption cross-sections. The product of the scattering cross-section
Csca and the incident monochromatic energy flux gives the total
monochromatic power removed from the incident wave as a result of
scattering by the particle in all directions. Similarly, the product of the
absorption cross-section Cabs and the incident monochromatic energy
flux gives the total monochromatic power removed from the incident
wave as a result of absorption by the particles. All cross-sections have
dimensions of area and are always positive. They depend on the di-
rection, the polarization state and the wavelength of the incident light
as well as on the particle size, the shape and the orientation relative
to the reference frame as well as the morphology of the particle.

For a small volume element consisting of N randomly positioned
particles, the single scattering approximation holds if the mean dis-
tance between the particles is larger than the incident wavelength and
the particle size. This ensures that the contribution to the total scat-
tered radiation coming from radiation that is scattered twice or more
is negligible. The total extinction matrix, the phase matrix and the
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absorption vector

K =
N∑
n=1

Kn = N 〈K〉 ,

Z =
N∑
n=1

Zn = N 〈Z〉 ,

Ke =
N∑
n=1

Kan = N 〈Ka〉

(3.32)

The single scattering albedo

The single scattering albedo, ω is defined as the ratio of the scattering
to the extinction cross-section,

ω =
Csca

Cext
(3.33)

where ω gives the fraction of radiation that is scattered and is always
less than 1. A high value of ω indicates that the interaction of radiation
is dominated by scattering and a low value indicates the dominance
of absorption.

The asymmetry parameter

The asymmetry parameter g is defined as the average cosine of the
scattering angle θ, which is the angle between the incident and scat-
tering directions.

g = 〈cos θ〉 =
1
4π

∫
4π

dr̂p(r̂, n̂inc)r̂ · n̂inc (3.34)

Here p(r̂, n̂inc)r̂ is the phase function defined as

p(r̂, n̂inc) =
4π
Csca

dCsca

dΩ
(3.35)

where dCsca
dΩ is the differential scattering cross-section which describes

the angular distribution of the scattered light and specifies the electro-
magnetic power scattered into a unit solid angle about a given direc-
tion per unit incident intensity. The asymmetry parameter is positive
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if more radiation is scattered towards the forward scattering direction,
negative if more radiation is scattered in the backward direction, and
zero if the radiation is scattered equally in both directions.

3.2.5 Macroscopically isotropic and mirror
symmetric media

A scattering medium consisting of an equal number of randomly
oriented particles and their mirror-symmetric counterparts is called
macroscopically isotropic and mirror-symmetric. Randomly oriented
means all orientations are equally probable. For this kind of scat-
tering medium, the concept of the scattering matrix is useful. While
the phase matrix relates the Stokes parameters of the incident and
the scattered beams, defined relative to their meridional planes, the
scattering matrix relates the Stokes parameters of the incident and
scattered beams defined with respect to the scattering plane. The
scattering plane is the plane through the unit vectors n̂inc and n̂sca.
This reference frame can be obtained by directing the z-axis of the
reference frame along the incident beam and superposing the merid-
ional plane with ψ = 0. The scattering matrix F is related to the
phase matrix as

F (θsca) = Z(θsca, φsca = 0; θinc = 0, φinc = 0) (3.36)

For macroscopically isotropic and mirror-symmetric scattering media,
the scattering matrix becomes independent of the incident direction
and the orientation of the scattering plane and depends only on the
angle between the incident and scattering direction, the scattering
angle Θ. The scattering matrix takes the form

F (Θ) =


F11(Θ) F12(Θ) 0 0
F12(Θ) F22(Θ) 0 0

0 0 F33(Θ) F34(Θ)
0 0 −F34(Θ) F44(Θ)


= N 〈F (Θ)〉 ,

(3.37)

where N is the number of particles and 〈F (Θ)〉 is the ensemble av-
eraged scattering matrix per particle. Only eight elements are non-
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zero and only six of them are independent. Knowledge of the scat-
tering matrix can be used to calculate the phase matrix. This is dis-
cussed in detail in Mishchenko et al. (2002). For the forward and
the backward scattering, the scattering matrix becomes diagonal. For
forward scattering, F22(0) = F33(0), and for backward scattering,
F22(π) = −F33(π) and F22(π) = F11(π) − 2F22(π). For spherically
symmetric particles, F11(Θ) = F22(Θ) and F33(Θ) = F44(Θ).

The average extinction matrix and absorption vector are indepen-
dent of the direction of propagation and the polarization state of the
incident radiation. The extinction matrix is diagonal:

〈L(n)〉 = diag[Cext, Cext, Cext, Cext] (3.38)

For radiative transfer calculations assuming randomly oriented par-
ticles, the concept of the scattering frame of reference is useful as
there are only few independent elements of the phase matrix and
cross-section matrices to deal with. Moreover, the properties are to
be calculated only depending on the scattering angle. This makes the
calculation of these properties less time consuming and reduces the
storage requirements. The transformation formulas that can be used
to convert them back into the laboratory reference frame are discussed
in detail in Mishchenko et al. (2002).

3.3 Methods for computing single
scattering properties

In the atmosphere, particles responsible for scattering range in size
from gas molecules (≈ 10−4 µm) to aerosols (≈ 1 µm) to water droplets
(≈ 10 µm) to ice crystals(≈ 100 µm) to large raindrops and hail parti-
cles (≈ 1 cm). A physical term called size parameter defined as x = 2πa

λ

is used to determine the scattering characteristics of the particle de-
pendent on its size and the wavelength under consideration. Here, a
is the characteristic particle size (for spherical particles, the radius).
Lorenz in 1890 and Mie in 1908 independently derived an analyti-
cal solution for the interaction of a plane wave with an isotropic ho-
mogeneous sphere. Some well documented computer algorithms are



3.3 Methods for computing single scattering properties 49

available, for example, the one given in the appendix of Bohren and
Huffman (1983). For particles whose sizes are comparable to or larger
than the wavelength (x ≥ 1), the Lorentz-Mie theory can be applied.
If x� 1, the Rayleigh approximation can be applied.

In the Rayleigh regime, the intensity of the radiation is proportional
to the incident intensity and is inversely proportional to the square of
the distance between the molecule and the point of observation. The
scattering phase function has a maximum in the forward and back-
ward directions and a minimum at 90◦. In the forward and backward
direction scattered radiation is completely unpolarized and at 90◦ is
completely polarized. In the Rayleigh regime, because the particles
are much smaller compared to the wavelength, the scattering charac-
teristic is invariant of the shape of the particle. As the size parameter
increases, the particle is no longer in the Rayleigh regime and one
has to use Mie theory to explain the scattering characteristics of the
particle. In the Mie region, the angular distribution of scattering is
asymmetric with particles scattering more in the forward direction.

Though the assumption of spherical particles in clouds seems rather
unrealistic, especially in the case of ice clouds, the simplicity as well
as the availability of the Mie algorithms has resulted in the assump-
tion of spherical particles in remote sensing applications. But the fact
that the non-spherical particles are capable of producing several ef-
fects that are entirely different from spherical particles, has led to the
development of several measurement as well as theoretical techniques
to compute the scattering characteristics of non-spherical particles.
A number of analytical and numerical techniques are introduced in
Mishchenko et al. (2002), and their relative performance and ranges
of applicability are discussed. The T-matrix method, initially intro-
duced by Watermann, is the one that is chosen here to study the
scattering characteristics of ice particles.

The T-matrix method is a powerful and widely used tool for com-
puting scattering properties of arbitrarily shaped particles. In the T-
matrix method, the incident and the scattered fields are expanded in
vector spherical functions. The linearity of Maxwell’s equations allows
the coefficients of the incident and scattered wave functions to be re-
lated by means of a Transition(T-)matrix. The expansion coefficients
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of the incident wave, which can be calculated analytically, together
with the knowledge of the elements of the T-matrix, allows one to com-
pute the characteristics of the scattered field. An advantage of the T-
matrix method is that it is independent of the directions and polariza-
tions of the incident and scattered fields and depends only on the size,
shape, refractive index, and the orientation of the scatterer and the
wavelength of the incident radiation. The standard way of computing
the T-matrix is based on the Extended Boundary Condition Method
(ebcm). Detailed descriptions on the numerical methods used in the
calculation of the T-matrix are given in Mishchenko et al. (2002) and
Mishchenko et al. (1996). For orientation averaged scattering prop-
erties of non-spherical particles, the T-matrix needs to be computed
only once for a fixed orientation. Analytical averaging formulas are
then applied to yield the average characteristics of the particle ensem-
ble (Mishchenko and Travis, 1998). A fortran code that can be used
to calculate the extinction cross-section, the absorption cross-section,
the single scattering albedo, and the asymmetry parameter for spher-
ical and rotationally symmetric non-spherical particle ensembles in
random orientation is available at http://www.giss.nasa.gove/crmm
(Mishchenko and Travis, 1998). The single scattering properties pre-
sented in the following subsections are calculated using this code.

The standard scheme for computing the T-matrix is based on the
extended boundary condition method. A comparison with the sep-
aration of variables method for spheroids and the Discrete Dipole
Approximation (dda) as pointed out in Mishchenko et al. (1996)
showed that the T-matrix method is about two orders of magnitude
faster. This superiority of the T-matrix method is further reinforced
by the highly efficient analytical approach for averaging the scatter-
ing characteristics over particle orientations (Mishchenko et al., 1996),
(Mishchenko et al., 2002). The disadvantage of the T-matrix method
is its poor numerical stability for particles that have very large real
and/or imaginary parts of the refractive index, are large compared
to the wavelength, and/or have extreme geometries with large aspect
ratios. Mishchenko et al. (1996) suggests some improvements to over-
come this disadvantage, but the use of the methods suggested could

http://www.giss.nasa.gove/crmm
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be only achieved at the expense of cpu time and code complexity or
for specific particle types.

The dda code, which is also a public domain software can be used
for calculating the scattering of radiation by targets of sizes compa-
rable to the wavelength (Draine, 2000). This method can be used to
deal with particles of any shape since the particles can be approxi-
mated by an array of dipoles. The code includes routines to generate
dipole arrays for a variety of target geometries like ellipsoids, rectan-
gular solids, hexagonal prisms etc., which can be anisotropic as well
as inhomogeneous. It is not suitable for very large values of the size
parameter or very large values of the refractive index. The most no-
ticeable shortcoming of dda is its tremendous computing time and
memory requirements. Moreover, dda seems to produce large errors
in the calculation of polarization related elements of the scattering
matrix (for example, S21) close to the backward scattering direction
(Wickett, 2002).

3.4 Single scattering results
3.4.1 Comparison of Mie and T-matrix methods

The accuracy of the T-matrix computation was checked by comparing
it with the Mie calculations. For Mie, the idl translation of an original
fortran code described in the appendix of Bohren and Huffman
(1983) is used here. This code is publicly available at http://atol.ucsd.
edu/~pflatau/scatlib/ and is probably one of the most frequently used
Mie codes. For T-matrix, the code for randomly oriented rotationally
symmetric particles was used (Mishchenko and Travis, 1998). The
calculations were done for mono-distributed spherical ice particles of
radius 100 µm in the frequency range 50 to 1000 GHz.

Figure 3.2 shows the relative error in the extinction cross-section
and the absorption cross-section using the T-matrix method with re-
spect to the Mie code. It can be seen that the change for the extinc-
tion cross-section is less than 0.002% at all frequencies. The change
in absorption cross-section is a bit noisy, but here also the maximum

http://atol.ucsd.edu/~pflatau/scatlib/
http://atol.ucsd.edu/~pflatau/scatlib/
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relative error is less than 0.005%, though the errors increase towards
higher frequencies.

200 400 600 800 1000
Frequency (GHz)

-0.004

-0.002

0.000

0.002

0.004

R
el

. E
rro

r [
%

]

Extinction 
Absorption

Figure 3.2: The percentage relative error of T-matrix calculations with re-
spect to Mie for spherical particles.

3.4.2 Single scattering properties of ice particles
and liquid droplets in the mm-submm range

The radiative properties, namely the cross-sections and the phase ma-
trix depend on the physical properties of the scatterers. As we have
seen in Chapter 2, cloud consists of liquid as well as ice particles and
they have distinctly different radiative properties in the microwave
region as can be seen in the following discussions. The phase of the
particle is dependent mostly on the temperature as well. Therefore the
refractive index of the particle, which is a function of frequency and
temperature is modified according to the phase of the cloud particle.
Even for particles with the same phase the refractive index is dif-
ferent at different temperatures. The frequencies considered here are
in the range 50 to 1000 GHz. In some cases, where the particles are
large or highly asymmetric, frequencies only up to 500 GHz are con-
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sidered. The cross-sections as well as the elements of the phase matrix
depend on the particle size distribution. The particle size distribu-
tion N(r) dr gives the number of particles per unit volume having an
equivalent sphere radius between r and r + dr. An equivalent sphere
may be defined as a sphere having an equal volume or an equal av-
erage projected cross-sectional area to a given non-spherical particle.
For the computations here, the equal volume sphere definition is used
and the particles follow a gamma distributions of type

n(r) = arα exp(−br), (3.39)

where α is related to the width of the distribution. Here, we have
assumed α = 1. The coefficients a and b are related to the physical
quantities, the effective radius and the imc. The effective radius reff

is defined as the ratio of the third moment of the size distribution to
the second moment.

The variation of the optical cross-sections and phase matrix el-
ements are studied for gamma distributions with different effective
radii. The next physical property considered in the study here is the
shape of the particle. The particle shapes that are considered in the
T-matrix code are axially symmetric spheroids and cylinders. The
particle aspect ratio is given as D/L, where D is the diameter and
L is the length. For example, D/L < 1 is for prolate spheroids and
D/L > 1 is for oblate spheroids. Finally, the orientation of the particle
has to be taken into account. For the calculations here, the particles
are assumed to be randomly oriented.

Temperature dependence of the refractive index
of ice and water

The complex refractive index m depends on the frequency as well as
on the temperature of the particle. As remarked in Section 3.2, the real
part mr is related to how fast the radiation propagates through the
medium and the imaginary part mi is related to how much radiation
the medium absorbs. The real and imaginary part of the refractive
index of ice was calculated using Warren (2000) and for liquid droplets
using Liebe et al. (1991).
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Figure 3.3: The effect of temperature on the real and the imaginary part
of the refractive index for ice and liquid droplet in the frequency range
50–1000 GHz. The temperatures shown in the legend are in Kelvin.

Figure 3.3 shows the real and imaginary part of the refractive index
of ice and liquid water for frequencies ranging from 50 to 1000 GHz.
The temperature is varied from 220 to 270 K in steps of 10 K for ice
particles and at 250, 260, and 270 K for liquid droplets.

For ice particles, at the lowest frequency 50 GHz, the relative change
in the real part of the refractive index is only 0.2% as the temperature
changes from 220 to 270 K. As the frequency increases, the difference
in the real part between different temperatures decreases and beyond
about 400 GHz the real part of refractive index does not change with
temperature. The relative change in the real part as the frequency
increases from 400 GHz to 1000 GHz is also very small, about 0.7%.
In contrast, for liquid droplet, the real part of the refractive index
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depends on temperature throughout the frequency range. The real
part increases with frequency and temperature.

The imaginary part of the refractive index of ice and water are
both increasing functions of temperature and frequency. At 50 GHz,
the relative change in the imaginary part of ice as the temperature
increases from 220 to 260 K is about 135% whereas at 1000 GHz it
is only about 25%. The dependence on temperature is relevant at all
frequencies. The information about the dependence of the imaginary
part of the refractive index on temperature is helpful for the interpre-
tation of the results discussed below.

Because the single scattering properties depend on the refractive
index, the indirect dependence of these on the temperature is inves-
tigated in the frequency range 50 to 500 GHz for both ice and water.
The ice particles are assumed to be spherical and following a gamma
size distribution with an effective radius of 100 µm.

Figure 3.4 shows the change in extinction, scattering and absorp-
tion cross-section and single scattering albedo of ice at temperatures
230, 240, 250 and 260 K relative to those at 220 K. At low frequencies,
say below 200 GHz, it can be seen that the extinction cross-section in-
creases with temperature. The relative change for 260 K, the highest
temperature considered here, is 60%. At higher frequencies, the de-
pendence of the extinction cross-section on temperature is very small.
The large deviations of the extinction cross-section at lower frequen-
cies does not arise from the scattering cross-section as can be seen
from Figure 3.4(b). The relative change in the scattering cross-section
is less than 1.5% over the whole frequency range, but as we see from
Figure 3.4(c), the absorption cross-section depends strongly on tem-
perature. The absorption cross-section increases with temperature at
all frequencies and the increase is larger at low frequencies compared
to higher frequencies. This is because the relative change in the imag-
inary part of the refractive index is also higher at lower frequencies
compared to higher frequencies. For a particular particle effective ra-
dius, absorption dominates extinction at very low frequencies. This
explains the dependence of the extinction cross-section on temper-
ature at low frequencies. The same is true for the single scattering
albedo, the dependence on temperature is stronger at low frequencies.



56 3 Scattering theory and single scattering properties

100 200 300 400 500
Frequency (GHz)

0

10

20

30

40

50

60

R
el

. c
ha

ng
e 

in
 e

xt
. c

ro
ss

-s
ec

tio
n 

[%
]

(a)

100 200 300 400 500
Frequency (GHz)

-1.5

-1.0

-0.5

0.0

0.5

1.0

R
el

. c
ha

ng
e 

in
 s

ca
. c

ro
ss

-s
ec

tio
n 

[%
]

(b)

100 200 300 400 500
Frequency (GHz)

0

20

40

60

80

100

120

R
el

. c
ha

ng
e 

in
 a

bs
. c

ro
ss

-s
ec

tio
n 

[%
]

(c)

100 200 300 400 500
Frequency (GHz)

-50

-40

-30

-20

-10

0

R
el

. c
ha

ng
e 

in
 s

in
gl

e 
sc

at
. a

lb
ed

o 
[%

]

(d)

Temp = 230
Temp = 240
Temp = 250
Temp = 260

Figure 3.4: The relative percentage change in (a) extinction, (b) scattering
and (c) absorption cross-section and (d) single scattering albedo at different
temperatures (shown in the legend) with respect to those at 220 K for ice
in the frequency range 50–500 GHz

Since absorption increases with temperature and scattering remains
unchanged at all frequencies, the single scattering albedo decreases
with temperature. For higher frequencies, scattering dominates ex-
tinction and therefore only a small dependence on temperature is ob-
served. This is demonstrated clearly in the following subsections.

Dependence on the size distribution of ice particles

The results presented here are for ice particles having effective radii
of 50, 100, 150, 200, and 250 µm for frequencies ranging from 50 to
1000 GHz. The particle radius for each size distribution is varied from
20 to 400 µm. Very large particles could not be taken into account
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Figure 3.5: The dependence of the extinction, the scattering and the absorp-
tion cross-section, the single scattering albedo and the asymmetry param-
eter on the size of the ice particle in the frequency range 50 to 1000 GHz.
The particles are spherical following a gamma distribution with different
effective radii, represented by different line-styles.

because of the convergence problem in the T-matrix code (Mishchenko
et al., 1996).

Figure 3.5 (a)–(e) shows the dependence of single scattering prop-
erties on the size of the ice particle in the frequency range from 50
to 1000 GHz. The different lines correspond to different particle sizes.
The extinction, the scattering and the absorption cross-sections in-
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crease with particle size at all frequencies. For all particle sizes, the
extinction and the scattering cross-sections increase linearly with fre-
quency up to a peak value and then tend to drop slowly. This peak
in the extinction cross-section shifts towards lower frequencies as the
particle size increases. The dependence of the extinction cross-section
on the frequency is very high. The increase can be about 3 orders of
magnitude as the frequency increases from 50 to 1000 GHz. Similarly,
at all frequencies, the extinction cross-sections increase by at least an
order of magnitude as the particle effective radius increases from 50
to 250 µm. The scattering cross-section varies similar to the extinc-
tion cross-section. At very low frequencies, for the lowest particle size,
absorption is higher than scattering. As the frequency or size of the
particle increases, or in other words as the size parameter increases,
scattering becomes more dominating. At the largest size parameter
scattering is at-least an order of magnitude higher than absorption.

This can also be seen from the single scattering albedo. The albedo
value is 0.1 for 50 µm particles at 50 GHz. As the frequency increases,
the albedo increases linearly to 0.6 at 200 GHz and then increase rather
slowly and finally attains a constant value around 0.95. At all fre-
quencies below about 400 GHz, the single scattering albedo increases
as particle size increases. For very large particles, the single scattering
albedo is close to one in the range 150 to 500 GHz. Beyond 600 GHz it
can be seen that increasing the particle size can decrease the albedo.
This is because, beyond 600 GHz, absorption increases faster with par-
ticle size compared to lower frequencies whereas scattering is on the
sinking part of the scattering cross-section curve for large particles.
This makes the albedo lower for larger particles compared to smaller
particles.

The asymmetry parameter is close to zero for all particles at very
low frequencies. This is because in the Rayleigh limit the particle
scatters equally in forward and backward scattering directions. But it
increases as the frequency increases and the increase with frequency
is more rapid for larger particles compared to smaller ones.

The structure of the scattering matrix simplifies for spherically sym-
metric particles. For spherical particles F11 = F22 and F33 = F44. This
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Figure 3.6: The elements of the scattering matrix for gamma distributed
spherical particles with effective radius 100 µm in the frequency range 50 to
1000 GHz.

means there are only four independent non-zero elements for spherical
particles (see subsection 3.2.5).

The elements of the scattering matrix for gamma distributed spher-
ical particles with an effective radius of 100 µm are plotted in Fig-
ure 3.6. The top-left plot displays F11 as a function of scattering an-
gle at some selected frequencies, namely, 89, 190, 330, 456, 690 and
880 GHz. The first two frequencies correspond to the center frequen-
cies of the upper pass bands of channels 15 and 20 of amsu-b (Saun-
ders et al., 1995) and the higher frequencies correspond to the channel
central frequencies of the proposed ciwsir instrument (Kuenzi, 2002).
At 89 GHz, F11 is symmetric about 90◦ with the maximum at the for-
ward and backward scattering directions and the minimum at 90◦; the
scattering is in the Rayleigh regime. As the frequency increases, F11
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also increases and the symmetry about the scattering angle vanishes;
forward scattering becomes larger than backward scattering. The min-
imum also shifts towards larger scattering angles. At the highest fre-
quency, 880 GHz, the backward scattering is one order of magnitude
less than the forward scattering.

The top-right panel of Figure 3.6 shows F33/F11. From the theory,
at the forward scattering direction F33(0) = F11(0) and at the back-
ward scattering direction, F33(π) = −F11(π) at all frequencies (see
subsection 3.2.5). F33 is zero at 90◦ for 89 GHz (Rayleigh regime). For
higher frequencies, F33 is zero at higher scattering angles. At 880 GHz,
F33 is zero at about 140◦. F33 is positive below this angle and negative
above this angle. F33 is not important if one wants to calculate only
the intensity. This element is used in the transformation formulas for
Z22 which can have some impact on the second Stokes parameter Q.

The bottom-left panel of Figure 3.6 shows F12
F11

which gives a measure
of the degree of linear polarization. At all frequencies, F12 = 0 at the
forward and backward scattering directions. In the Rayleigh regime,
maximum polarization occurs at 90◦ as is illustrated by the behavior
of 89 GHz. Among the other frequencies except for 690 and 880 GHz,
F12 is negative. As the frequency increases, the ratio decreases and
the maximum value of the ratio is found at slightly higher scattering
angles. At 690 GHz, the ratio gets a very small negative maximum at
90◦ and then becomes positive. A positive peak where F12 = 0.2F11

is attained at about 140◦. For 880 GHz, F12 is always positive and the
maximum is shown at 140◦.

The scattering matrix element F34 is not very significant in this
study as it affects only the third and fourth Stokes parameters. In the
Rayleigh regime, it can be seen that F34

F11
vanishes. The ratio is small

at higher frequencies also, but the angular behavior is complicated.

Dependence on the shape of ice particles

The effect of different ice particle shapes on the single scattering
properties is examined here for frequencies ranging from 50 GHz to
500 GHz. The particles are randomly oriented and follow a gamma
distribution. The particle shapes considered here are spheroids and
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cylinders with aspect ratios 1, 4, and 0.25. Similar to spheroids being
oblate and prolate as mentioned in subsection 3.4.2, cylinders with as-
pect ratio less than one are elongated cylinders while those with aspect
ratio greater than one are plates. The effective radius of the particle
is taken to be 100 µm. The radius limits for the size distribution are
taken from 20 to 200 µm. The upper limit of the radius is limited to
200 µm because for higher size parameter values, strongly aspherical
particles have convergence problems when using the T-matrix code.
Note that for spherical particles the upper limit for the radius could
be taken up to 400 µm without any convergence problems. For the
same reason, the highest frequency considered is also limited up to
500 GHz.

Figure 3.7 shows the impact of different shapes on single scattering
properties. It can be seen from Figure 3.7 that for all different shapes
of the particle, extinction, scattering and absorption cross-section as
well as single scattering albedo and asymmetry parameter increases
with frequency and are not much dependent on the shape of the parti-
cle. Another feature is that spheroids and cylinders with the same as-
pect ratio behave similarly. At low frequencies, perfect spheres has the
smallest extinction cross-section among all particle shapes considered.
At higher frequencies, above about 400 GHz, sphere has the maximum
extinction cross-section. At lower frequencies, particles with aspect ra-
tio 4 deviates larger from spheres whereas at higher frequencies, those
with aspect ratio 0.25 deviates larger from spheres. The maximum
relative change in the extinction cross-section as the particle shape
changes from a sphere is exhibited by cylinders with aspect ratio 0.25
and this is less than 20%. The behavior as well as the magnitude of
the scattering cross-section is similar to that of the extinction cross-
section except at very small frequencies where the scattering cross-
section is smaller than the absorption cross-section. Below 350 GHz,
the absorption cross-section is the smallest for spheres. The difference
in absorption cross-section as the particle shape deviates from spheres
follows the same order as for the extinction cross-section. The maxi-
mum relative difference in the absorption cross-section as the particle
shape deviates from a sphere is shown by cylinders having an aspect
ratio of 0.25, about 10%. The single scattering albedo changes only
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Figure 3.7: The dependence of the extinction, the scattering and the absorp-
tion cross-sections, the single scattering albedo, and the asymmetry param-
eter on the shape of the ice particles in the frequency range 50–500 GHz.
The ice particles follow a gamma distribution with an effective radius of
100 µm.

very slightly with the particle shape with spheres having the largest
value.

At very low frequencies, in the Rayleigh regime, all particles have
very low values of the asymmetry parameter. As the frequency in-
creases, the asymmetry parameter increases, indicating more forward
scattering, and is dependent on the shape of the particle. The max-
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imum relative change in the asymmetry parameter as the particle
shape deviates from sphere is shown by cylinders having an aspect
ratio of 0.25, about 25% less. This is shown at a frequency of about
400 GHz.

The deviation from spherical shape modifies the elements of the
scattering matrix in the case of ice particles. Figure 3.8 displays the
elements of the scattering matrix for six shapes, namely, spheroids
having aspect ratios of 1, 4 and 0.25 and cylinders having aspect
ratios of 1, 4 and 0.25. Each row represents each of the elements of
the scattering matrix, F11, F22, F33, F44, F12, and F34. The three
columns are for the frequencies 89, 190 and 456 GHz. The effective
radius of the particle is assumed to be 100 µm.

In general, the angular behavior is not modified when the particle
shape changes from spherical to the others. Particles with the same
aspect ratio are closer in magnitude. For example, the change of F11

for cylinders with aspect ratio 1 relative to spheres is less than 5%.
This is true for other aspect ratios as well as for all elements of the
scattering matrix, though the deviations are larger for larger aspect
ratios.

F11: The relative change in F11 for cylinders with aspect ratio 1 rel-
ative to spheres is less than 5% at all scattering angles for all fre-
quencies. At low frequencies, spheres having an aspect ratio of 4
show the maximum difference compared to spheres. At the highest
frequency, 456 GHz, cylinders having an aspect ratio of 0.25 show
a large difference in the angular region 100◦ to 180◦. At 150◦, the
relative change in F11 for spheroids with aspect ratio 0.25 is about
110% relative to a sphere. At all frequencies, spheres have the lowest
forward scattering.

F22: For spheres, F22 = F11 at all scattering angles and for cylinders
having an aspect ratio of 1, F22 ≈ F11. This element is important for
interpreting the second Stokes vector Q. All aspherical particles de-
viates from sphere with minimum deviations near the forward and
backward scattering directions and the maximum deviation at 90◦.
An exception are particles having aspect ratio of 0.25 at 456 GHz
which show a minimum deviation in the forward scattering direc-
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Figure 3.8: The elements of the scattering matrix for gamma distributed
ice particles of different shapes. The first column is for 89 GHz, the second
for 190 GHz and the fourth for 456 GHz. The different line styles represent
different particle shapes as indicated in the legend.
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tion and a maximum in the backward scattering direction. This is
because in the forward direction F11 and F22 of these particles in-
crease by almost the same order compared to spheres, change in
F11 still being larger than the change in F22, thereby making the
ratio F22

F11
about 0.95 in the forward direction. But, in the backward

direction the change in F11 is larger compared to the change in F22,
thus making the ratio smaller, close to 0.83.

F12: F12 is important in the interpretation of linear polarization which
is of interest for many remote sensing applications. This corresponds
to the fifth row in Figure 3.8. F12 is also an indicator of the aspheric-
ity of the particle. F12 is zero at the forward and the backward scat-
tering directions and has its maximum at 90◦ where F12 = −F11.
The deviation from a sphere is also maximum close to 90◦ with the
sphere having the maximum and cylinder with aspect ratio 0.25,
the minimum. Nevertheless, the deviation from spherical behavior
is not very pronounced. But, as the frequency increases to 456 GHz,
the behavior of F12 is highly dependent on the shape of the parti-
cle. Here spheres have the least F12, about −0.5F11 and cylinders
with aspect ratio 0.25 have the largest F12. As the particle shape
changes from spheres, the negative maximum shifts towards 90◦.
At low frequencies, though both F12 and F11 are small for spher-
ical particles compared to the aspherical particles, the ratio F12

F11

is larger for spherical particles. This indicates that the change in
F12 as the particle becomes aspherical is smaller compared to the
change in F11. Conversely, at high frequencies though still F12 and
F11 are smaller for spherical particles compared to aspherical parti-
cles, the ratio is smaller for spherical particles. This indicates that
F12 changes faster than F11 as the particles become aspherical.

F33, F44, F34: F33
F11

behaves similar to F44
F11

. For spheres, F33
F11

= 1 in the
forward scattering direction and F33

F11
= −1 in the backward scatter-

ing direction. As the particles becomes aspherical, the magnitude
of the ratios becomes less than 1. Though F33 also increases as
the particles become aspherical, the change in F11 is higher which
makes the ratios less than 1. The maximum deviation from spheres
is shown by cylinders having an aspect ratio of 0.25. F34 is zero in
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the forward and backward scattering directions and is very small at
all frequencies for all particle shapes.

Dependence on the size of liquid droplets

The size of liquid droplets is smaller than that of ice particle as can
be seen from Chapter 2. Therefore, the single scattering properties of
liquid droplets were calculated for rather small effective radii, namely,
10 µm, 15 µm, 20 µm, 25 µm, and 30 µm. The particles are considered
to be spherical in shape and following a gamma distribution with the
upper and lower radius limits taken to be 5 µm and 60 µm, respec-
tively. The frequency range is taken from 50 to 1000 GHz.

Figure 3.9 shows that when the particle effective radius increases,
the extinction cross-section increases at all frequencies, and for each
particle radius, the extinction cross-section increases as the frequency
increases. This is true for scattering and absorption cross-sections as
well as for the single scattering albedo and the asymmetry parame-
ter. The scattering cross-section is smaller than the absorption cross-
section at all frequencies for all particle radii. For the largest particle
size of 30 µm, at about 100 GHz, the scattering is approximately three
orders of magnitude smaller than the absorption. At 1000 GHz, the ab-
sorption is still greater than scattering though the order of magnitude
is the same. This can be seen in the single scatter albedo values, where
the maximum shown by the highest size parameter is only 0.31. The
asymmetry parameter is also an increasing function of the radius of
the particle and the frequency.

The ice particles that were considered in Section 3.4.2 are larger in
size compared to the liquid particles considered here. But, it would
be interesting to compare the properties of ice and liquid particles.
Therefore, single scattering properties were calculated for ice particle
of effective radius 30 µm following the same size distribution as the
liquid particles. This is shown by the dark line in the plots. This shows
that the extinction cross-section of liquid particles is much higher than
that of ice particles having the same effective radius of 30 µm at all
frequencies. But the scattering cross-section of ice is close to that of
liquid water whereas the absorption cross-section of ice is at least an
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Figure 3.9: The dependence of the extinction, the scattering and the absorp-
tion cross-sections and single scattering albedo and asymmetry parameter
on the size of liquid particles in the frequency range 50 to 1000 GHz. A
comparison with the distribution of ice particles having an effective radius
of 30 µm is also shown.

order of magnitude smaller than that of liquid water. The absorption
cross-section of ice does not increase as rapidly as that of liquid water
with frequency. This feature can also be seen from the single scatter-
ing albedo. The single scattering albedo of ice increases faster with
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frequency when compared to that of liquid water and reaches a value
close to 0.9 for the higher frequencies.

3.5 Conclusions
This chapter, in addition to presenting some basic theory and defini-
tions related to scattering and polarization, also presents results of the
calculation of single scattering properties of ice and liquid particles for
a wide range of frequencies. The dependence of the cross-sections and
the elements of the phase matrix on the size and shape of the parti-
cle was investigated. This study is essential to understand the results
of radiative transfer calculations in the presence of clouds. An earlier
work in this direction was done by Evans and Stephens (1995a) using
dda to calculate single scattering properties at frequencies 85, 157,
220, and 340 GHz for horizontally aligned ice particles. A quantitative
comparison of the results is not possible because Evans and Stephens
(1995a) computed extinction and scattering coefficients rather than
cross-sections, the characteristic size considered was the median mass
diameter rather than the effective radius, and the particles were hori-
zontally aligned rather than randomly oriented. The considered parti-
cle shapes were columns, plates, rosettes and spheres. Nevertheless, a
qualitative comparison suggests that similar to the study here, the co-
efficients are more dependent on the size of the particles and frequency
rather than on the shape of the particles. A more detailed compari-
son of T-matrix and dda including the higher frequencies would be
interesting to investigate in the future and this is planned to be done
in an estec study (Buehler et al., 2003).



4 ARTS radiative transfer model

4.1 Radiative transfer theory
4.1.1 Introduction

When the scattering medium is optically thick, the single scattering
approximation does not hold. In this case, each particle scatters ra-
diation that has already been scattered by other particles, leading to
multiple scattering events. Here one has to use the radiative trans-
fer equation (rte) with appropriate boundary conditions to solve the
scattering problem. The assumption that the scattering events by dif-
ferent particles are independent, is still valid. Radiative transfer the-
ory originated as a phenomenological approach based on considering
the transport of energy through a medium filled with a large number
of particles and ensuring energy conservation (Chandrasekhar, 1960;
Sobolev, 1974; van de Hulst, 1980; Ishimaru, 1997).

The radiative transfer equation expresses the interaction of a pencil
beam of radiation as it traverses a medium. As the radiation passes
through a medium, there are four processes that can change the radi-
ation.

1. radiation can be absorbed by the medium.
2. radiation can be scattered into other directions by the medium.
3. radiation can be emitted by the medium.
4. radiation from other directions can be scattered into the beam di-

rection.

The first two lead to a reduction in the intensity of the radiation which
is called the extinction. The last two strengthen the radiation and
comprise the source term. The unit of radiation often used in satellite
meteorology is that of intensity which is expressed in units of energy
per unit area per unit time per unit frequency range per unit steradian.

69
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Combining extinction and source, the rte for a monochromatic beam
propagating in the direction n can be written as,

dI(ν, n) = dI(ν, n)extinction + dI(ν, n)source (4.1)

where dI is the change in the intensity and ν is the monochromatic
frequency.

Following Lambert’s law which states that the extinction process is
linear, independently in the intensity of radiation and in the amount
of matter, the extinction process can be expressed as

dI(ν)extinction = −k(ν) I(ν) ds (4.2)

where k(ν) is the volume extinction coefficient which is proportional
to the density of matter. The volume extinction coefficient includes
extinction due to absorption and scattering away from the propagation
direction n.

k(ν) = a(ν) + s(ν). (4.3)

Here a(ν) represent absorption due to gases and particles in the atmo-
sphere and s(ν) includes scattering due to particles. In the microwave
range, scattering due to gas molecules can be neglected.

The source term which expresses the increase in intensity due to
emission and multiple scattering, can be written formally along the
same lines as the extinction term,

dI(ν)source = j(ν) ds, (4.4)

where j(ν) is the source function.
For a thermally emitting atmosphere, in the absence of scattering,

the source function is represented by thermal emission. The thermal
emission term obtained by multiplying the absorption coefficient a(ν)
by the Planck function is given by

a(ν)B(ν, T ). (4.5)

Here, B(ν, T ) is the Planck function at the physical temperature of
the medium T and is expressed as

B(ν, T ) =
2hν3

c2
1

ehν/kT − 1
. (4.6)
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Here, h is the Planck’s constant, c is the speed of light, k is the Boltz-
mann’s constant, and T is the temperature.

Scattering does a redirection of the beam of radiation. Therefore
if the radiation is extincted in one direction because it is scattered
away by the medium, radiation will be scattered into this direction as
well. This gives rise to the scattering source term. In addition to this,
scattering also give rise to polarization. Therefore in order to explain
the scattering source term it is more general to formulate the rte
in a vector form. As mentioned in subsection 3.2.3 of Chapter 3, the
electromagnetic radiation at every point r inside a scattering medium
approximated by a collection of quasi-monochromatic beams is fully
characterized by the four component Stokes vector

I(r, n̂, ν) =


I(r, n̂, ν)
Q(r, n̂, ν)
U(r, n̂, ν)
V (r, n̂, ν)

 (4.7)

The definitions of I(r, n̂, ν), the monochromatic specific intensity and
the other elements Q(r, n̂, ν), U(r, n̂, ν), V (r, n̂, ν) are given in sub-
section 3.2.3 of Chapter 3. The Stokes vector can be described at every
point r of the atmosphere as a function of propagation direction n̂

and frequency ν.
A solution of the rte for the Stokes vector thus solves the scattering

problem completely.

4.1.2 General vector radiative transfer equation

The general radiative transfer equation for a medium containing
sparsely and randomly distributed arbitrarily oriented particles tak-
ing into account the extinction, the emission and the scattering can
be written as

dI(n)
ds

= −K(n) I(n) + a(n)B(T ) +
∫

4π

dn′ Y (n,n′) I(n′),

(4.8)

where I(n) is the four component Stokes vector of multiply scattered
radiation propagating in the direction n(θ, φ). The path-length ele-
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ment measured in the direction of n is d s. The term on the right thus
represents the change in Stokes vector as it traverses a path length
element ds along the direction n. The first term on the right repre-
sents the reduction in intensity due to extinction. The extinction of
radiation is described by the 4 × 4 extinction coefficient matrix K(n)
which includes the extinction due to gas and particles.

K(n) = Kp(n) + Kg(n) (4.9)

Kp(n) and Kg(n) are extinction coefficients for particles and gas
respectively. Following Lambert’s law that the extinction process must
be proportional to the amount of matter one can write the extinction
coefficient for particles as

Kp(n) = Σin
p
i Lp

i (n) (4.10)

where np
i is the particle number density of the ith particle and Lp

i (n)
is the extinction cross-section matrix of the ith particle. Here, Lp

i (n)
has the dimension of area, np

i has the dimension of 1
length3 , and hence

Kp(n) has the dimension of 1
length . The properties of the extinction

matrix is discussed in detail in Chapter 3. The elements of the 4 × 4
extinction matrix can be calculated explicitly.

The gaseous extinction coefficient is calculated according to

Kg(n) = Σjn
g
j L

g
j (n) (4.11)

where ng
j is the number density of the jth gaseous species and Lg

j (n) is
the extinction cross-section of the jth gaseous species. In the absence
of Zeemann splitting, Kg(n) is a diagonal matrix and has the form,

Kg =


Kg

11 0 0 0
0 Kg

11 0 0
0 0 Kg

11 0
0 0 Kg

11

 (4.12)

The second term in Equation (4.8) is the thermal source term where
a(n) is the absorption coefficient vector and B(T ) is the Planck func-
tion at temperature T . The particle absorption as well as the gaseous
absorption is included in a(n) which can be represented as

a(n) = ap(n) + ag(n). (4.13)
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The particle absorption coefficient is expressed as

ap(n) = Σin
p
i bp

i (n) (4.14)

where bp
i (n) is the absorption cross-section vector of the particles.

Similarly the gaseous absorption coefficient is,

ag(n) = Σjn
g
j b

g
j (n) (4.15)

where bg
j (n) is the absorption cross-section of the jth gaseous species.

Similar to Equation (4.12),

ag =


ag
1

0
0
0

 (4.16)

Also,

ag
1 = Kg

11. (4.17)

The last term in Equation (4.8) is the scattering source term. It
describes the contribution of radiation from all directions n′ scattered
into the direction n. Here Y (n,n′) is called the scattering efficiency
matrix. It can be expressed in terms of the phase matrix Zi(n,n′) as

Y (n,n′) = Σin
p
iZi(n,n′) (4.18)

The phase matrix gives a measure of the the efficiency of scattering
between directions n and n′.

4.1.3 RT models and solution methods

The source function for scattering is more complicated than a thermal
source function because the scattering source term is influenced by the
directional dependence of the radiation field and the phase matrix as
well as the polarization elements of the phase matrix. Mathematically
too, the scattering source function makes the rte complicated because
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it involves the intensity both on the left hand side and under the
integral on the right hand side. The following paragraph gives a short
overview on different radiative transfer (rt) models applicable for the
microwave region with focus on the solution method for the rte. A
detailed review can be found in Emde and Sreerekha (2004).

One class of approach in solving the rte is the integro-differential
equation approach which is regarded as a microscopic view of the
radiative transfer. A prominent method belonging to this class is the
discrete ordinate method, in which the solution to the rte is obtained
at a number of discrete angles (ordinates). The number of angles can,
in principle, be increased to approach the exact solution. The discrete
ordinate solution can be obtained by using approximations like the
successive order of scattering and low order approximations like two
and four-stream approximations. The successive order of scattering
method is explained in detail in Liou (2002) and also in Section 4.3 as
this is the method implemented in arts (Emde et al., 2004) developed
in the University of Bremen. The disadvantage of this method is that
it requires considerable computational effort to converge especially for
an optically thick medium. The rt models that use the discrete ordi-
nate iterative method and are widely used in microwave remote sens-
ing applications are the MicroWave model (mwmod) (Czekala and
Simmer, 1998; Czekala, 1999), the Spherical Harmonics Discrete Or-
dinate Method (shdom) (Evans, 1998), the Vector discrete ordinate
model (vdisort) (Schulz et al., 1999) and the model developed by
Gasiewski and Staelin (1990). Another approximation which allows
an analytical solution of the rte is the Eddington approximation dis-
cussed in detail in Goody and Yung (1995) and Liou (2002). The
Radiative Transfer (a)tovs model (rttov) (Bauer, 2002) and the
model developed by Kummerow (1993), and Deeter and Evans (1998)
use the Eddington approximation and are also used in the microwave
range.

An alternative class of approach is a more macroscopic approach
based on the interaction principle which is a conservation relationship
that equates the radiation emerging from an arbitrary layer to the
incident fluxes on the boundary and the source distribution within
the layer. The Doubling-Adding method is based on the interaction
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principle (Goody and Yung, 1995; Liou, 2002). A model that uses the
doubling adding method is the one developed by Evans and Stephens
(1991).

Another method that can be applied to the transfer of radiation in a
medium with any geometric configuration is the Monte Carlo method.
In this method, absorption and scattering are considered as stochastic
processes and the phase matrix is regarded as a probability density
matrix which redistributes the photons in different directions. The
method is conceptually simple, where the rte is solved by following
the history of a large number of photons subject to probability dis-
tributions until they reach the detector. The models that use Monte
Carlo method include arts (Davis et al., 2005) and the one developed
by Roberti et al. (1994).

A popular simplification that is part of many rt models is to as-
sume a plane parallel atmosphere, where the profiles of pressure, tem-
perature, gaseous constituents and cloud properties are horizontally
homogeneous. These models are not useful for measurements in limb
geometry. However, for nadir and close to nadir measurements, plane
parallel rt models are quite practical because of their simple geom-
etry. Compared to a three-dimensional spherical earth model where
three spatial grids and two angular grids are to be discretized, the cal-
culations are faster and memory requirements are smaller. Therefore a
larger class of models belong to the category of plane parallel models
and they are the mainstay for radiative transfer including a scattering
source. Among the models mentioned above, mwmod, rttov, vdis-
ort and models developed by Evans and Stephens (1991), Deeter
and Evans (1998) and Gasiewski and Staelin (1990) are all plane par-
allel. Three-dimensional Cartesian geometries are considered only in
shdom and in the Vector Discrete Ordinate Method (vdom) model
(Haferman et al., 1997). The arts model solves the rt equation in a
three-dimensional spherical atmosphere.

Another very popular simplification is to solve only for the first
component of the Stokes vector, the intensity. Among the above mod-
els, only mwmod, vdisort, vdom, and arts, and those developed
by Evans and Stephens (1991) and Gasiewski and Staelin (1990) in-
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clude polarization. Table 4.1 summarizes a review of the rt models
mentioned here (adapted from Emde and Sreerekha (2004)).

Table 4.1: Overview of radiative transfer models that are used in the mi-
crowave range that include scattering. Pol. – polarization; do – Discrete
Ordinate method; sos – Successive Order of Scattering method; da. – Dou-
bling and Adding method; Single Scat. – Single scattering approximation;
sph. – spherical; rand. or. – random orientation.

Name Atmosphere Method Pol. Particles
mwmod plane- Iterative y spherical,

parallel non-sph.
rttov plane- da, n spherical

parallel Eddington
shdom 3-d do n spherical

Cartesian sos

PolRadTrans plane- da y spherical
parallel non-sph.,

rand. or.
Hybrid plane- Eddington + n spherical
Model parallel Single Scat.
disort plane- do n spherical

parallel Iterative

vdisort plane- do y spherical
parallel Iterative non-sph.

Gasiewski plane- Perturbation y spherical
Model parallel method non-sph.,

rand. or.
Eddington plane Eddington n spherical
Models parallel

Monte Carlo- 3-d Monte n spherical
by Roberti Cartesian Carlo
dom 3-d do y spherical

Cartesian non-sph.
arts 3-d Iterative y spherical

spherical non-sph. or.
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4.2 Requirements for ARTS
The transparency of cirrus clouds in the mm and the sub-mm wave-
length range offers a great potential for getting information about the
properties of cirrus clouds themselves. The analysis of the brightness
temperature depression due to cirrus clouds relative to clear sky con-
ditions can give information on cirrus cloud properties like ice water
path as well as particle size and shape. A more accurate retrieval of
temperature and humidity also can be achieved by a better represen-
tation of cirrus clouds in the forward model.

Cirrus clouds, as opposed to liquid clouds, mostly scatter in the
mm/sub-mm wavelength range. This requires that the rte is solved
taking into account multiple scattering. Cirrus clouds consist of vari-
ous particle size and shape distributions (Heymsfield and McFarquhar,
2002). For a realistic simulation, rt models should be able to include
the effect of non-spherical particles in preferred orientations. An ef-
fect of including oriented non-spherical particles is that they polarize
the up-welling radiation. In order to solve for polarized radiation, the
rt equation has to be solved not just for the scalar intensity, but for
the full Stokes vector. Surface effects, which are boundary conditions
in the solution of the rt equation can also polarize radiation even in
clear sky conditions.

A plane parallel approximation is not justified for simulating limb
measurements and measurements for rather shallow incidence angles,
like in the case of geostationary sensors. In this case the rt model
should be able to handle the spherical geometry of the atmosphere.
A three-dimensional model is required for handling cloud inhomo-
geneities as well. There are only very few three-dimensional vector rt
models used in the mm/sub-mm range. One reason for this unpop-
ularity is the computational demand for doing a three-dimensional
calculation.
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4.3 A simple plane parallel RT model
In an attempt to realize such a “complete” rt model, it was thought
to be reasonable to first come up with a rudimentary model to demon-
strate the solution method before implementing the method in a com-
plex environment. This will help to bring out the advantages and
disadvantages of the solution method. This section presents a plane
parallel model that uses the iterative solution method for solving the
rte (Sreerekha et al., 2002).

In the work presented here, Equation (4.8) is solved iteratively in
a plane parallel atmosphere for the scalar case, i.e., only for the first
component of the specific intensity vector. The plane parallel approx-
imation holds when the radius of curvature is much larger than the
thickness of the layer and the viewing angle is close to nadir, like
for down-looking instruments. Also keeping in mind that solving this
equation for I(n) may cause computational difficulties as the solution
involves the computation of the exponential of a matrix as in Equa-
tion (4.30), a linear approximation of the exponential is considered
assuming optically thin layers. The advantage of this approach is that
it is conceptually simple but fully general and can be extended easily
for the full vector equation. As a demonstration, the model is devel-
oped only for the scalar case and the following section describes this
part.

4.3.1 Scalar RT equation

Assuming that all cloud ice particles are spherical in shape and that
the incident radiation is unpolarized, the rte for total intensity can
be expressed as a special case of Equation (4.8), referred to as the
scalar rte.

dI(n)/ds = −K11(n)I(n)+ a1(n)B(T )+
∫

4π

dn′Y11(n,n′)I(n′)

(4.19)
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Here K11(n) is the (1,1) element of the extinction coefficient matrix
K(n)

K11(n) = Kp
11(n) +Kg

11(n) (4.20)

Kp
11(n) = Σin

p
i L

p
11, i(n) (4.21)

Lp
11,i(n) is the (1,1) element of the particle extinction matrix Lp

i (n).
For the gaseous extinction,

Kg
11(n) = Σjn

g
jL

g
11,j(n) (4.22)

Lg
11,j(n) is the (1,1) element of the extinction cross-section matrix

Lg
j (n).
a1(n) in the second term is the first element of the absorption co-

efficient vector.

a1(n) = ap
1(n) + ag

1(n) (4.23)

Since gaseous absorption is equal to gaseous extinction,

ag
1(n) = Kg

11(n) (4.24)

The particle absorption coefficient ap
1(n) can be expressed as

ap
1(n) = Σin

p
i b

p
1, i(n) (4.25)

bp
1, i(n) is the first element of the absorption cross-section vector of

the ith particle and is calculated as

bp
1, i(n) = Kp

11, i(n)−
∫

4π

dn′Z11, i(n,n′) (4.26)

Z11, i(n,n′) is the (1,1) element of the phase matrix of the ith particle.

4.3.2 Solution method

The approach is to solve Equation (4.19) iteratively with a first guess
radiation field. This field can either be the clear sky radiation field or
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the Extinction and Thermal Source (ets) field. By ets field we mean
the radiation field generated by the first two terms of Equation (4.19),
i.e., without the scattering integral term. The extinction due to the
particles is taken into account by the first two terms.

Assuming local thermodynamic equilibrium, an analytical solution
to Equation (4.19) for homogeneous layers, in the absence of the scat-
tering integral is

Il,θ = Il−1,θ exp(−τext) +B(T )[1− exp(−τabs)], (4.27)

where θ is the viewing angle and l denotes the atmospheric levels. Il,θ
represents the intensity at level l along the propagation direction θ.
The opacities τext and τabs are defined by

τext =
1

cos(θ)

∫
K11(θ) dz (4.28)

and

τabs =
1

cos(θ)

∫
a1(θ) dz (4.29)

The factor 1
cos(θ) follows from the plane parallel geometry. The az-

imuth angle dependence is ignored. By homogeneous layers we mean
that each layer has a representative extinction coefficient, absorp-
tion coefficient and temperature. The representative value of each
parameter in a layer is calculated by taking the mean of the values
at the boundaries of the layer. When considering the clear sky case,
τext = τabs = τ .

As mentioned in the introduction of this section, here the validity
of assuming linear approximation of the exponential is examined. If
the approximation is valid, it can easily be extended to the vector
case. Assuming optically thin layers, a linear approximation to Equa-
tion (4.27) is written as

Il,θ = Il−1,θ(1− τext) +B(T )τabs, (4.30)

which can be solved by traversing the atmosphere layer by layer in
the direction of propagation, starting with appropriate boundary con-
ditions.
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In order for the linear approximation to be valid each layer should
be optically thin, which is not always the case. The opacity can take
large values if the path-length is large, as is the case when θ is close
to 90◦. Here, an opacity limit is defined for which the linear approxi-
mation is valid within the required accuracy. If the opacity of a layer
is higher than this limiting value, the layer is divided further into sub-
layers until the opacity is below the limiting value. This also ensures
that the single scattering approximation is valid. The rt calculation
starts at the top of the atmosphere with the cosmic background as the
boundary condition. The intensity array is initialized with the cosmic
background radiation, corresponding to a brightness temperature of
2.735 K and the solution is obtained following one layer to the next
for each θ < 90◦. Upon reaching a layer where clouds are included,
extinction as well as emission due to particles are also taken into ac-
count. At the ground, the effect of ground reflection is modeled as

I0,θu = I0,θd(1− e) + eB(TG), (4.31)

where e is the surface emissivity, I0,θu is the upwelling intensity at the
ground, I0,θd is the downwelling intensity at the ground, and TG is
the surface temperature.

After reflection, the radiation is propagated along the angle θu =
180◦ − θd. The intensity values are stored for each θu. Once the inte-
gration is completed the intensity reaching a point from all directions
is obtained. The scattering integral in the scattering source term is
computed using this radiation field. At each layer the scattering source
term has to be computed. Now, the full rte can be solved in each layer
including the scattering source term. The solution obtained with the
fixed scattering integral is

Il,θ = Il−1,θ(1− τext) +B(T )τabs +
τext

K11
Sθ, (4.32)

where Sθ is the mean of the scattering integral at the boundaries of the
layer. The resulting radiation field is used to generate a new radiation
field and the iteration is repeated until the solution converges. This
has to be repeated at all layers of the atmosphere in all directions. The
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convergence is determined by setting a reasonable limiting value. After
every iteration, the resulting intensity is compared with the intensity
obtained from the previous iteration and the iterations are repeated
if the difference is greater than the limiting value.

This model is presented in detail in Sreerekha et al. (2002), where
results are shown for simulations at frequencies 325.15, 462.64, 682.95
and 874.38 GHz.

4.3.3 Scattering convergence test

The scattering convergence test is for determining the consistency
of the radiative transfer solution method explained in the previous
section. For this test, the cosmic background temperature is set to
a hypothetical value of 300 K. The absorption coefficients for gases
as well as for particles and the surface emissivity are set to zero. In
such an atmospheric scenario, for the clear sky case, the radiation
field propagating in all directions should give the same value of 300 K
at all altitudes of the atmosphere since there are no sources or sinks
involved. The only factor which changes the field in a cloudy case
is the scattering due to cloud particles. The physics of this problem
suggests that after a considerable number of iterations the field should
converge to the clear sky case. This is because scattering only does a
redistribution of energy in different directions.

Figure 4.1 shows the convergence test for a strong cloud case. The
cloud consisted of mono-distributed spherical ice particles of radius
100 µm and ice mass content of 0.022 g m−3. The cloud base is at about
7 km. The top left plot shows the radiation field below the cloud as
seen by a hypothetical sensor, the top right shows the radiation field
inside the cloud and the two bottom plots show the radiation field
above the cloud at two different altitudes 25 km and 80 km. The x-axis
is the viewing angle and the y-axis shows the brightness temperature.
The angles 0◦ to 90◦ represents up-looking and 90◦ to 180◦ represents
down-looking. The solid line represents the clear sky case, the dashed
one is the first guess field, the ets field. The dotted lines are the first 30
iterations in an interval of five. It can be seen that the radiation field
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Figure 4.1: The convergence of the multiply scattered field to the clear
sky field in the case of an atmosphere with no absorption and no surface
emission at 874 GHz for a strong cirrus cloud case (radius of the spherical
ice particle = 100 µm, imc = 0.02 g m−3, thickness = 2.5 km). The solid line
represents the clear sky field, the dashed line the ets field and the dotted
lines are the first 30 multiply scattered fields in intervals of 5.

below the cloud is symmetric about 90◦ with the minimum brightness
temperature at 90◦. This is because the radiation passes through the
cloud only once for all viewing directions and the maximum path
length is when the viewing angle is at 90◦. After 30 iterations, the
solution field converges to 300 K. Inside the cloud, the radiation field
is slightly asymmetric depending on the altitude of the hypothetical
sensor. Note that the surface emissivity is zero. From the bottom
plots, it can be seen that above the cloud, for up-looking angles there
is the cosmic background 300 K. For down-looking angles, there is a
brightness temperature depression due to the ets field, but after a
certain number of iterations, the field converges to 300 K.

The case presented here is the worst case for the convergence (high
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ice mass content, single scattering albedo 1). In all realistic simulations
using this model, convergence was reached in less than 15 iterations.
The convergence was also successfully tested when the first guess field
is set to an arbitrary value of 500 K in all directions. This suggests
that it is not necessary that always the first guess field should be the
ets field, even a clear sky field can be a suitable candidate.

4.3.4 Lessons from the plane parallel model

The idea behind developing this model was to see the feasibility of the
iterative solution method before venturing into a complex model that
can include all the requirements mentioned in Section 4.2. Obviously,
the result of this exercise, in addition to confirming the usability of the
iterative solution method, also helped in identifying some problems in
the implementation of this method.

One result is that the solution method is time consuming. The num-
ber of iterations increases as the scattering properties of the cloud
becomes larger, for example, in the case of a cloud with a higher ice
mass content or at a higher frequency which has a higher contribution
from scattering. In the model discussed before, the iteration method
is used at all levels of the atmosphere identically. So even where there
is no cloud, a minimum of 2 iterations are required to achieve the
solution field. Therefore it would be better to restrict the scattering
calculation to the cloud regions only. The simple model uses as first
guess field, the extinction and thermal source field. The computations
show that the clear sky field is more close to the solution field and
that the solution is independent of the first guess field. Choice of clear
sky field as first guess field can reduce the number of iterations and
thereby save computation time. Another test in the model was to use
the linear approximation of the exponential term that appear in the
solution of the rte (Equation (4.30)). The solution in this case is not
exact. If the limiting value of opacity is reduced, then the solution is
more exact, but each layer has to be divided more often and the time
required increases. In addition to these problems, the simple model
was not very flexible to accommodate changes in the characteristics
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of the cloud or to change the atmospheric scenario. Furthermore, it
assumed a plane parallel one-dimensional atmosphere which is not
sufficient for limb calculations or for highly off-nadir angles.

4.4 ARTS scattering model environment
Once the lessons from the plane parallel model development were iden-
tified, the solution method was ready to be implemented in the already
existing platform, the clear sky radiative transfer model arts (Buehler
et al., 2005) keeping in mind the model requirements described in Sec-
tion 4.2.

arts uses a Discrete Ordinate ITerative (doit) method to solve
the rte. The principles of the scalar model implemented in Sreerekha
et al. (2002) is extended to the vector case. It is possible to do a scalar
calculation in cases where polarization is not of much significance. As
explained in subsection 4.3.4, for the vector case, the solution of the rt
equation requires the calculation of the exponent of a matrix, namely
the extinction matrix. As it was found from the simple model that
the linear approximation is not exact and is time consuming for large
optical depths, a better algorithm referred to as Padé approximation
(Moler and Loan, 1979) is implemented in arts (Emde et al., 2004).

The arts model uses a spherical three-dimensional coordinate sys-
tem where the dimensions are radius, latitude and longitude. The
main geometrical altitude coordinate is the distance to the center of
the coordinate system, the radius. Another altitude coordinate used
is the pressure. The vertical grids in the atmosphere are expressed in
units of pressure whereas propagation paths are calculated in terms
of the radius. Between two altitude levels, all the atmospheric quan-
tities like temperature, volume mixing ratio etc. are assumed to vary
linearly with the logarithm of pressure. The valid range for latitudes
is [−90◦,+90◦], where +90◦ corresponds to the North pole. Longi-
tudes are counted from the Greenwich meridian with positive values
towards the east. Longitudes can have values from −180◦ to +180◦.
It is also possible to assume a 1-D spherically symmetric atmosphere
by relaxing the latitude and longitude dimensions. In this case the
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atmospheric fields vary only as a function of altitude and the surface
constitutes the surface of a sphere. A more detailed description on
the coordinate system used in arts can be found in Eriksson et al.
(2003). In addition to the spatial coordinates, the propagation path
is determined by the angular coordinates described by zenith and az-
imuth angles. For one-dimensional calculation only the zenith angle
coordinate is required.

As was obvious from subsection 4.3.4, the first guess field is cho-
sen to be the clear sky field as it is closer to the solution field than
the extinction and thermal source field. Moreover, because the scat-
tering calculations are computationally expensive, they are restricted
only to a particular region of the atmosphere defined as the cloud-
box. The cloudbox is defined to be rectangular with the limits at the
grid points. For example, in the vertical, the upper and lower lim-
its are the pressure levels. For three-dimensional cases, the horizontal
limits can be given in terms of the latitude and longitude grids. A
schematic picture of the cloudbox is shown in Figure 4.2. The first
guess field, namely the clear sky field is obtained at the boundaries
of the cloudbox and then interpolated on to all grid points inside the
cloudbox. The scattering problem is solved inside the cloudbox using
the iterative solution method explained in Section 4.3 and the solu-
tion, namely the Stokes vector field, is interpolated on to the cloud
box boundaries. It has to be noted that the Stokes vector field is a
function of zenith and azimuth angles grids in addition to the spatial
grids inside the cloud box. Therefore angular interpolation of the field
on to the propagation direction is also required. Interpolations are
required because of the spherical geometry. Unlike the plane parallel
geometry, the propagation angle changes along the path. Therefore at
every grid crossing points, the radiation field and the coefficients are
to be interpolated angularly. From the cloud box boundary, the clear
sky rte is integrated up to the sensor. In the absence of any clouds,
a clear sky radiative transfer calculation can be performed by setting
the cloudbox off.

Practically, when the model is set to be used for calculating multiple
scattering due to clouds in three dimensions, calculations are expected
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Figure 4.2: 2D cloudbox defined by lower and upper pressure limit (P1 and
P2) and two latitude limits (α1 and α2). Figure courtesy: C. Emde

to be very slow. Emde et al. (2004) discuss in detail the optimizations
implemented in arts to achieve accurate results reasonably fast.

4.4.1 Components of particular interest for
down-looking sensors

The model was developed keeping in mind that it should be able to do
radiative transfer simulations in a thermally emitting atmosphere for
any satellite viewing geometry. Obviously, there are some peculiarities
that have to be kept in mind while doing rt simulations for a partic-
ular instrument depending on the viewing geometry or the frequency
region of interest. The following section deals with certain aspects of
arts that are important for down-looking sensors.

The surface emissivity

The up-welling radiation depends on the value of surface emissivity
which varies depending on surface characteristics like the surface type,
the roughness and the temperature. The effect of the surface on the
up-welling brightness temperature is very important in the microwave
window regions below 200 GHz. In the range 200 GHz to 1000 GHz, the
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absorption spectrum is dominated by the water vapor line absorption
and the continuum absorption. The surface effects are not playing
a major role in this range except in very dry conditions. For a wet
tropical scenario, beyond 200 GHz the effect of surface emissivity is
negligible whereas for a dry and cold sub-arctic winter scenario, the
effect of surface emissivity in the region 200 GHz to 400 GHz cannot
be neglected.

In arts, the surface can be treated in a more complex way than in
Equation (4.31). The up-welling radiation from the surface is calcu-
lated as

Iu = Ie +
∑
l

RlI
d
l , (4.33)

where Iu is the up-welling Stokes vector traveling from the surface
along a propagation path, Ie is the surface emission vector, Rl is the
reflection matrix, and Idl is the downward traveling intensity reaching
the surface along direction l. For every propagation path that hits the
ground, the direction l is determined and down-welling radiation is
calculated. This is multiplied by the 4 × 4 reflection matrix. When
surface polarization effects are not considered, the reflection matrix
has only one element (1− e), where e is the surface emissivity. When
the polarization effects are considered, the reflection matrix is not
diagonal.

In this case, the surface reflection can be equated to a scattering
event where the reflected radiation is linearly dependent on the inci-
dent radiation. The vertical and the horizontal reflection coefficients
Rv and Rh can be treated analogous to the amplitude matrix in Equa-
tion (3.15).

S11 = Rv, (4.34)

S22 = Rh, (4.35)

S12 = S21 = 0. (4.36)

The off-diagonal elements are zero for a Fresnel surface which is an
ideal surface that is perfectly smooth.

The vertical and horizontal components of the reflection coefficient
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Rv and Rh respectively, for a flat surface are given by the Fresnel
equations (Mishchenko et al., 1998; Liou, 2002):

Rv =
n2 cos θ1 − n1 cos θ2
n2 cos θ1 + n1 cos θ2

, (4.37)

Rh =
n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2

(4.38)

where n1 is the refractive index of the medium where the incoming
radiation is propagating, and n2 is the refractive index of the reflecting
medium. The angle θ1 is the incident angle (measured from the local
surface normal) and θ2 is the propagation direction for the transmitted
part.

According to Snell’s law,

Re(n1) sin θ1 = Re(n2) sin θ2. (4.39)

This leads to the reflection matrix for a specular surface reflection
(analogous to the phase matrix) (Tsang et al., 1985; Mishchenko et al.,
1998)

R =


|Rv|2+|Rh|2

2
|Rv|2−|Rh|2

2 0 0
|Rv|2−|Rh|2

2
|Rv|2+|Rh|2

2 0 0
0 0 RhR

∗
v+RvR

∗
h

2 i
RhR

∗
v−RvR

∗
h

2

0 0 i
RvR

∗
h−RhR

∗
v

2
RhR

∗
v+RvR

∗
h

2

 .
(4.40)

For the scalar case, the emission term is obtained by multiplying the
surface emissivity by the Planck function corresponding to the surface
temperature, B(TG). The emission vector has the form (Tsang et al.,
1985; Mishchenko et al., 1998)

Ie = B(TG)


1− |Rv|2+|Rh|2

2

− |Rv|2−|Rh|2
2

0
0

 . (4.41)

The Fresnel reflectivities can be calculated as a function of frequency
and the viewing angle if the permittivity of the surface is known. An
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Figure 4.3: The left plot shows the variation of ocean surface emissivity as
a function of frequency at 272, 285, 300 K. The satellite incidence angle is
zero. The right plot shows the Fresnel reflectivities as a function of satellite
incidence angle for 89 GHz.

emissivity model should be able to calculate the emissivity depend-
ing on the surface characteristics, the instrument viewing angle and
the observation frequency. The fastem emissivity model (English and
Hewison, 1998) calculates the permittivity over ocean surfaces using
laboratory measurements of the Debye parameters (Lamkaouchi et al.,
1997). The reflectivity is multiplied by a small scale roughness factor,
which is parametrized depending on the wind speed. Roughness, which
has a scale larger compared to the wavelength is also modeled based
on the wind speed which is added to the the horizontal and verti-
cal reflectivities. The fastem model implemented in arts calculates
the surface emissivity based on the frequency, incidence angle, surface
temperature and surface wind. Figure 4.3 shows the surface emissivity
as a function of frequency at a satellite incidence angle of 0◦ at surface
temperatures 272, 285, and 300 K and the reflectivities as a function
of satellite incidence angle at 89 GHz and a surface temperature of
272 K. The relation between satellite incidence angle and zenith angle
can be seen from Figure 4.4. A 0◦ satellite incidence angle corresponds
to nadir viewing. At 0◦ incidence angle, |Rv|2 = |Rh|2, and the emis-
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Figure 4.4: The plot shows the relation between the incidence angle and the
nadir angle θn (θn = 180− θ, where θ is the zenith angle). The relation be-
tween the zenith angle and the incidence angle can be obtained by applying
the sine rule.

sivity is obtained as 1− |Rv|2. The surface emissivity increases as the
frequency increases at all temperatures. At a particular frequency, the
emissivity decreases as the temperature increases. For a 2-D and 3-D
atmosphere, the propagation path does not necessarily hit the ground
at the latitude and longitude grid points. In this case the emissivity
has to be interpolated onto the grid crossing points.

When the calculations are done in the presence of clouds, in order
to get the clear sky field at the boundaries of the cloudbox for scat-
tering calculations, clear sky radiative transfer calculations are per-
formed with a switched off cloudbox. This is to avoid cases in which
the radiation entering the cloudbox depends on the radiation from the
cloudbox. This can happen when surface reflection has to be consid-
ered, where the radiation leaving the cloudbox can be reflected back
into the cloudbox by the surface. Therefore to be formally correct, the
cloudbox has to be extended to the surface. In this way, the surface
also can be treated as a scattering object.

There are some special cases where the cloudbox does not have to
be extended to the surface. One is when the surface is treated as a
black-body in which case there is no reflection from the surface. The
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second case is when the optical thickness of the atmosphere between
the surface and the cloudbox is high. In both these special cases, the
gain is that the cloudbox is smaller and scattering calculations are
faster.

The local plane parallel approximation

The plane parallel approximation can be used for a stratified atmo-
sphere, i.e., when the atmospheric quantities vary more in the vertical
direction compared to the horizontal direction. This is true for most of
the atmospheric variables except in the case of clouds. The plane par-
allel approximation can also be used when the path lengths are such
that they are not influenced by the curvature of the layers. Therefore
for close to nadir viewing, a plane parallel approximation can be used
in the radiative transfer model as the geometry is simple compared
to the spherical case. For the spherical earth geometry, when a prop-
agation paths is calculated from one layer of the atmosphere to the
next, the zenith angle of the propagation path changes. For a plane
parallel geometry the zenith angle is the same at all layers. This makes
the calculation of the propagation path step easier. Especially in the
case of iterative solution method, the spherical geometry can be com-
putationally expensive as propagation path steps are to be calculated
inside the cloudbox at all grid points for as many number of iterations
required. Therefore inside the cloudbox there is an option to assume
a plane parallel atmosphere.

The accuracy of the plane parallel approximation is tested and is
shown in Figure 4.5 which shows the difference between spherical and
plane parallel calculations at viewing angles ranging from 130 to 180◦

for a test case in which the cloud box is switched on but is left empty.
The frequency considered here is 190 GHz. In the presence of clouds,
the difference follow a similar pattern, but the differences at the large
off-nadir angles are larger depending on the optical thickness of the
cloud.

As expected, the agreement is very close towards nadir directions
and maximum difference between plane parallel and spherical is found
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Figure 4.5: The difference in brightness temperature between a spherical
and plane parallel calculation at different viewing angles.

at the largest off-nadir angle. Up to about 150◦, the differences are
less than 0.005 K.

Single scattering properties database

The single scattering properties that are used as input to arts are
stored for each particle type. A particle type in arts is an entity hav-
ing fixed single scattering properties. An example of an entity could
be a single particle with a specific shape, size and orientation or a size
distribution consisting of particles with the same or different shapes
having one effective radius. The single scattering properties of the
particle type are stored as a function of frequency, temperature, and
zenith and azimuth angle grids.

For down-viewing geometry, it is common to assume medium that
are described as macroscopically isotropic and mirror symmetric. In
this case as described in subsection 3.2.5, the scattering properties de-
pend only on the angle between the incident and scattered directions.
Therefore the single scattering properties have to be stored only for
one angle instead of the two pairs of zenith and azimuth angle grids.
Moreover, for this kind of particles, due to the geometrical symmetry
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the 4×4 extinction matrix and the 4×1 absorption vector degenerate
to a direction and polarization independent scalar extinction cross-
section and absorption cross-section respectively, and the scattering
matrix has a simple block diagonal structure with only 6 independent
elements depending only on the scattering angle. This reduces the stor-
age space considerably. However, transformation from the scattering
frame of reference to the laboratory frame has to be done as the ra-
diative transfer calculations are in the laboratory frame (Mishchenko
et al., 2002; Emde et al., 2004).

Independent pixel approximation

In the presence of clouds, to get a more realistic result, one has to
consider radiative transfer in a three-dimensional atmosphere. Here
all the atmospheric variables have to be treated as a function of three
spatial variables and two angular variables. This can take enormous
computer time and memory requirements. For satellite geometries as
in the limb case, the radiation has to travel a large distance through
the horizontal, it is inevitable to account for the horizontal inhomo-
geneities. For nadir or close to nadir observations, however, a three-
dimensional scenario can be simulated by following an independent
pixel approximation. Here, the radiation field is calculated individu-
ally for each pixel using the one-dimensional rt model. In this way,
the radiation effect of clouds present in the neighboring grid points is
not taken into account.



5 Analysis of the effect of clouds on
microwave radiances

Before using the radiative transfer model arts directly for satellite
remote sensing applications in the presence of clouds, it is important
to study the response of the up-welling radiation to different cloud
characteristics. The sensitivity of the up-welling radiation to cloud
parameters is studied by subjecting the model to different cloud sce-
narios. The cloud parameters considered here are the ice water path
(iwp), the liquid water path (lwp), the effective size and shape of the
particles comprising the cloud, and the cloud altitude. An important
factor to be considered, especially for microwave window channels is
the contribution from the surface. The contribution to the radiation
by clouds is influenced by the characteristics of the surface beneath.
A brief discussion on this is included in this chapter. In addition to
this, the modification of the limb brightening and the limb darkening
effects in the presence of clouds is also discussed. Analysis is presented
separately for ice clouds in Section 5.2 and liquid clouds in Section 5.3.
Section 5.4 presents the radiative transfer simulations based on atmo-
spheric profiles from the ecmwf global cloud fields.

5.1 Simulation set up
5.1.1 Atmospheric scenarios and the gaseous

absorption

The atmospheric scenarios chosen for this study correspond to tropi-
cal and midlatitude winter atmospheric conditions taken from fascod
(Anderson et al., 1986). These two scenarios are representative of a

95
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humid and a dry atmosphere respectively. They provide two different
clear-sky backgrounds for the scattering simulation. Figure 5.1 shows
the temperature and volume mixing ratio corresponding to these sce-
narios. The profiles of temperature and volume mixing ratio are inputs
for the radiative transfer calculations.

The gaseous species considered are water vapor, oxygen, and
nitrogen. The absorption coefficients are calculated according to
Rosenkranz (1998) for water vapor and oxygen, and Rosenkranz
(1993) for nitrogen. The absorption coefficients are stored in look-up
tables, which serve as input to arts calculations.
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Figure 5.1: Temperature and water vapor VMR profiles for tropical and
midlatitude winter scenarios. The solid line represents the midlatitude win-
ter scenario and the dashed line represents the tropical scenario.

5.1.2 Cloud scenarios

There are six sets of ice cloud scenarios that are discussed in Sec-
tion 5.2 and five sets of liquid cloud scenarios discussed in Section 5.3.
The scenarios are shown in tabulated form in Tables 5.1 and 5.3 for
ice and liquid clouds respectively. Assumptions related to cloud pa-
rameters are mentioned also at the beginning of each section.

However, it has to be kept in mind that the attempt is not to
simulate the most realistic cloud case. The cloud parameters vary
on a wide range as can be seen from Chapter 2. Hence, here each
of the cloud properties are varied over a wide range of possibilities
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which makes it possible to study the sensitivity to a particular cloud
property while all other parameters are kept constant.

In all the cloud cases considered here, the particles are assumed to
follow a gamma distribution. The equation of the gamma distribution
was presented in Section 3.4.2 of Chapter 3. From the definition of
the effective radius, that it is the ratio of the third moment of the size
distribution to the second moment, one can get the parameter b of the
gamma distribution as

b =
α+ 3
reff

, (5.1)

where reff is the effective radius and α is the width of the distribution.
The ice mass content (imc) is related to the volume of the size

distribution, which is again related to the third moment of the size
distribution. From this definition,

a =
imc

4
3πρb−(α+4)Γ(α+ 4)

. (5.2)

Using a and b, the particle number density can be obtained by inte-
grating the gamma distribution. Setting α = 1 and substituting for b,
the particle number density can be obtained as

n0 =
2 imc
πρr3eff

. (5.3)

The particle number densities thus calculated serves as input to arts.
The extinction cross-section matrix, the absorption cross-section vec-
tor and the phase matrix for each particle ensemble are calculated
using the T-matrix code for randomly oriented particles (Mishchenko
and Travis, 1998) (c.f. Section 3.2.5 of Chapter 3). These are then mul-
tiplied by the particle number densities to get the ensemble averaged
single scattering properties.

From Tables 5.1 and 5.3 it can be seen that the fourth and the
fifth scenarios have all the cloud parameters kept constant. In these
two cases the dependence of microwave brightness temperature (Tb)
on the surface emissivity and viewing angles in the presence of clouds
is discussed. The surface is considered to be specularly reflecting (c.f.
Equation (4.31)).
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Table 5.1: The rows of the table correspond to different scenarios considered
in this study with the value of parameters given in each column that are
varied for different scenarios. (imc – ice mass content, reff – effective radius,
sph. – spherical, n-sph. – non spherical, and los – line of sight)

imc reff shape cloud ht. emiss. los
[ g m−3] [µm] [km]

0.05–2.8 100 sph. 8–10 0.7 180◦

0.4 30–200 sph. 8–10 0.7 180◦

0.4 100 sph. 1–3 to 12–14 0.7 180◦

0.4 100 sph. 8–10 0.4–1.0 180◦

0.4 100 sph. 8–10 0.7 130◦–180◦

0.4 100 n-sph. 8–10 0.7 130◦–180◦

5.1.3 Frequencies

The frequencies selected for this study are 89, 150, 184, 186, and
190 GHz. These frequencies correspond to the center frequencies of
the upper side band of the amsu-b channels. The details regarding the
amsu-b instrument are presented in Chapter 6. The results presented
here for each frequency can be considered representative of channels
16–20 of amsu-b because the single scattering properties of the cloud
particles do not vary much within each frequency band. For studying
the effect of cirrus clouds at these frequencies, it is necessary to know
the characteristics of the clear sky water vapor Jacobians at each
frequency. Figure 5.2 shows the clear sky water vapor Jacobian for
channels 18, 19, and 20 of amsu-b for both the tropical scenario and
the midlatitude winter scenarios. The solid line is the Jacobian for the
nadir geometry and the dashed line for 131.5◦which is the maximum
limb viewing angle for amsu-b. For the tropical scenario, the peak of
the Jacobian for channel 18 is centered at about 8 km, for channel 19
at about 6 km and for channel 20 at about 5 km. This implies that
channel 18 is sensitive to cloud parameters only if the cloud is located
above the sounding altitude of the channel. For the midlatitude winter
scenario, the peak of the Jacobian is centered at about 6, 4, and 3 km
for channels 18, 19, and 20, respectively. This also implies that these
channels are not very sensitive to liquid clouds, which occur at the
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Figure 5.2: The water vapor clear sky Jacobians for channels 18, 19, and
20 of amsu-b. The top panel is for the tropical scenario and the bottom
panel for the midlatitude winter scenario. The solid line represents nadir
geometry and the dotted line represents a viewing angle of 131.5◦.

lower levels of the atmosphere especially if the scenario is very humid.
The Jacobian for the viewing angle 131.5◦ is shifted slightly higher
than that for the nadir angle because the saturation is reached at
higher altitudes due to a longer path length through the atmospheric
layers. For the dry midlatitude winter case, channel 20 can see down
to the lower atmospheric layers and can have an influence from the
surface.

Channels 16 and 17 are surface channels as can be seen in Fig-
ure 5.3, which shows the water vapor Jacobian for these channels for
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Figure 5.3: The water vapor clear sky Jacobians for channels 16 and 17 of
amsu-b. The top panel is for the tropical scenario and the bottom panel is
for the midlatitude winter scenario. The solid line represents nadir geometry
and the dotted line represents a viewing angle of 131.5◦.

the tropical and the midlatitude winter cases. The behavior of channel
17 Jacobian for the tropical scenario is similar to that of the water
vapor channels and that for the midlatitude winter scenario is similar
to that of channel 16. For channels 16 and 17, the surface effects are
to be considered while interpreting the effect of clouds on their Tbs.
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5.2 Effect of ice clouds on microwave
radiances

5.2.1 Effect of ice water path

In this section, the effect of the ice water path (iwp), which is the
integrated ice mass content (imc) on the up-welling brightness tem-
perature (Tb) will be discussed. The imc of the cloud is varied while
all the other cloud characteristics as well as the atmospheric param-
eters are kept constant. This scenario corresponds to the first row
of Table 5.1. The imc is varied from 0.04 to 2.8 g m−3. The cloud is
2 km thick and is placed at an altitude of 8–10 km. The cloud is as-
sumed to be homogeneous in the vertical direction, thus it represents
a box cloud. It is assumed to consist of spherical ice particles follow-
ing a gamma size distribution. The effective radius reff is taken to be
100 µm. The radii of the ice particles in the size distribution range
from 20 to 2000 µm. The surface emissivity is assumed to be 0.7 and
the simulations are done only for the nadir viewing geometry. Fig-
ure 5.4 shows the effect of increasing ice water path on the Tb for the
tropical and the midlatitude scenarios. Figure 5.5 shows the bright-
ness temperature depression (∆Tb = T clear

b −T cloud
b ) at each iwp. The

different line-styles represent the different frequencies considered.
From Figure 5.4 it can be seen that the Tb decreases almost linearly

when changing the iwp from 0 kg m−2 up to about 1.0 kg m−2. This is
true for both scenarios. Thereafter, the decrease becomes shallow and
tends to saturate for higher iwps. The decrease in Tb is due to the in-
crease in the number of ice particles which interact with the microwave
radiation through scattering. Equation (5.3) shows that the number
of scattering ice particle increases as the ice mass content increases.
Figure 5.5 shows that for both scenarios, the 190 GHz frequency shows
the highest ∆Tb throughout reaching about 100 K at the highest iwp
considered here. The frequency the least affected by change in iwp is
89 GHz. This is because the scattering contribution is very small at
this frequency compared to other frequencies as can be seen from sub-
section 3.4.2 of Chapter 3. The maximum ∆Tb is about 10 K for the
tropical scenario and about 5 K for the midlatitude winter scenario.
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Figure 5.4: Effect of the ice water path on Tb for the nadir viewing geometry.
The left plot represents the tropical scenario and the right plot represents
the midlatitude winter scenario. The solid line stands for 89 GHz, the dot-
ted line for 150 GHz, the dashed line for 184 GHz, the dash-dotted line for
186 GHz, and the dash-dot-dotted line for 190 GHz.

For 150 GHz also, the tropical scenario has higher ∆Tb compared to
the midlatitude winter scenario. The maximum ∆Tb is about 75 K
for the tropical scenario and 50 K for the midlatitude winter scenario.
The source of radiation for the surface sensitive frequencies 89 and
150 GHz is the surface emission. This source is larger for the tropical
scenario because of its warmer surface temperature. This can be seen
from the clear sky Tb at these frequencies as well, at zero iwp. Since
the extinction of radiation is proportional to the source, tropical Tbs
are more attenuated by clouds compared to the midlatitude winter
case.

For the water vapor frequencies, the midlatitude winter ∆Tbs are
higher compared to tropical ∆Tbs. Among the three frequencies,
184 GHz shows the largest difference in ∆Tb between the scenarios,
about 55 K and 80 K for the tropical and the midlatitude scenarios re-
spectively. For 186 GHz, the maximum ∆Tb for the tropical scenario is
about 93 K whereas the maximum for the midlatitude winter scenario
is about 100 K. The frequency that shows largest ∆Tb is 190 GHz, and
the depression is almost the same for both scenarios, the maximum
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Figure 5.5: ∆Tb for nadir viewing geometry. The left plot represents the
tropical scenario and the right plot represents the midlatitude winter sce-
nario. The solid line stands for 89 GHz, the dotted line for 150 GHz, the
dashed line for 184 GHz, the dash-dotted line for 186 GHz, and the dash-
dot-dotted line for 190 GHz.

∆Tb for both scenarios being about 110 K. The difference between
the scenarios for a particular frequency can be explained with the
help of the water vapor Jacobian (Figure 5.2) for channels 18, 19, and
20. When the cloud altitude is 8–10 km, for channel 18, the relative
contribution to the total radiance due to the water vapor above the
cloud is higher for the tropical case compared to the midlatitude win-
ter case. The increased water vapor emission from above the cloud
makes the scattering effect smaller for the tropical case compared to
the midlatitude winter case. This is also true for channel 19, but the
contribution due to water vapor above the cloud is smaller when com-
pared to channel 18. Therefore the difference between the tropical and
the midlatitude winter scenarios is not as high as for channel 18. For
channel 20, water vapor emission above the cloud is the same for both
scenarios, therefore their ∆Tbs are the same.

For the clear sky case, the brightness temperature relationship
among the water vapor frequencies is

Tb
clear
190 > Tb

clear
186 > Tb

clear
184 (5.4)

Cases where the Tb of channel 20 falls below the Tb of channel 18
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is referred to as ‘cross-over’ effects and is used as an indication of
the presence of strong ice clouds (Burns et al., 1997). This effect was
reported to be observed only when the amount of ice was very high,
about 4 kg m−2. This effect is seen in this simulation for the tropical
scenario beyond an iwp of about 1.7 kg m−2, where the reverse of clear
sky

TB
cloud
190 < TB

cloud
186 < TB

cloud
184

is true. But since the ∆Tbs are very high even below the cross-over
point, the usefulness of this criteria to discriminate ice clouds is lim-
ited to extreme scattering events. For the midlatitude winter case,
the cross-over is seen close to an iwp of 2 kg m−2, but the difference
between the Tbs is not as high as for the tropical scenario.

Muller et al. (1994) using a plane-parallel two-stream multiple scat-
tering solution presented results at frequencies 89, 157, 176, 180, and
182 GHz showing the effect of iwp. The effect at 157 GHz can be used
to compare the simulation at 150 GHz. For the water vapor frequencies
Muller et al. (1994) has chosen the center frequencies of the lower side
band of the amsu-b instrument while the study here uses the center
frequencies of the upper side band. Since the water vapour background
is the same for the lower and upper side band the results are compara-
ble for the corresponding frequencies. The corresponding frequencies
for 176, 180, and 182 GHz used in Muller et al. (1994) are 190, 186 and
184 GHz, respectively in this study. The atmospheric scenario used in
Muller et al. (1994) approximates to the tropical scenario discussed
here.

Both simulations agree that 89 GHz is not sensitive to an increase
in the iwp. In Muller et al. (1994) at an iwp of 0.5 kg m−2, the Tb

depression for frequencies 157, 182, 180, and 176 GHz are 20, 15, 25,
and 30 K respectively. The simulations using arts at 150, 184, 186,
and 190 GHz shows Tb depressions of about 10, 8, 17, and 20 K respec-
tively. One reason for this smaller depression is that the cloud altitude
for Muller et al. (1994) was 10–12 km, whereas here the cloud is at an
altitude of 8–10 km. The presence of overlying water vapour decreases
the effect of clouds. Another source of discrepancy is that Muller et al.
(1994) uses a bimodal version of the modified gamma distribution with
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mode radii of 2 and 110 µm for the small and large crystal modes, re-
spectively. The simulations here are based on a gamma distribution
with effective radius 100 µm. Therefore it has to be kept in mind that
a quantitative comparison is not possible here. However qualitatively,
both simulations are able to bring out similar features at these fre-
quencies.

5.2.2 Effect of particle size

As seen from subsection 3.4.2 of Chapter 3, the particle size is an im-
portant parameter that can significantly change the scattering proper-
ties of ice particles. The typical range of ice particle sizes are discussed
in Chapter 2. In this section, the effect of cloud particle size on the
up-welling Tb is discussed. Again all the other parameters are kept
constant. This case corresponds to the second row of Table 5.1. The
cloud is assumed to be homogeneous in the vertical direction with an
imc of 0.4 g m−3. The cloud is 2 km thick and is placed at an altitude
of 8–10 km. The cloud consists of gamma distributed spherical parti-
cles as explained in Section 5.2.1. Calculations are done for effective
radii ranging from 30 to 200 µm.

Figure 5.6 shows the effect of increasing particle size on the up-
welling Tb for the tropical and the midlatitude winter scenarios. From
this figure it is clear that increasing the particle size decreases the
brightness temperature for both the tropical and the midlatitude sce-
narios. Figure 5.7 shows the brightness temperature depression, ∆Tb.
This figure also shows that for both scenarios at all frequencies ∆Tb

has a maximum at the maximum particle radius considered here,
200 µm. This is due to increased scattering due to ice particles as
the effective radius of the size distribution increases. At a given fre-
quency, the scattering cross-section increases with increasing radius
(c.f. subsection 3.4.2 of Chapter 3). But it has to be kept in mind that
while the particle radius is increased, the ice mass content is kept con-
stant. Accordingly, for larger ice particles, the particle number density
is low compared to small ice particles (c.f. Equation (5.3)). Therefore
the scattering coefficient which is dominating the extinction for ice
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Figure 5.6: Effect of the particle size on the Tb for a nadir viewing geometry
for fixed imc = 0.4 g m−3. The left plot represents the tropical scenario
and the right plot represents the midlatitude winter scenario. The solid line
stands for 89 GHz, the dotted line for 150 GHz, the dashed line for 184 GHz,
the dash-dotted line for 186 GHz, and the dash-dot-dotted line for 190 GHz.

particles is calculated at each radius and is plotted in Figure 5.8. This
shows that though there are fewer particles at larger radius, the scat-
tering coefficient is still high for larger particles compared to smaller
ones. This explains the reason for the increase in Tb depression when
the ice mass content is kept a constant.

Figure 5.7 shows that for 89 GHz for the midlatitude scenario, the
presence of clouds increases Tb as is indicated by slightly positive ∆Tb

values for smaller particle radii up to about 60 µm. This is because up
to 60 µm, for 89 GHz absorption is greater than scattering. Therefore
the presence of clouds consisting of particles following a size distribu-
tion with small effective radius contributes to cloud emission. For the
midlatitude winter scenario the surface is radiometrically cold and the
increased absorption in the presence of clouds leads to cloud emission.
This increases the Tb compared to the clear sky case. Thereafter ∆Tb

increases and reaches the maximum value of about 6 K for the largest
particle radius of 200 µm. For the tropical case it can be seen that
∆Tb is larger compared to the midlatitude scenario, i.e, about 9 K
when the particle radius is 200 µm. Also for 150 GHz, ∆Tb is higher



5.2 Effect of ice clouds on microwave radiances 107

50 100 150 200
Particle effective radius (µm)

-80

-60

-40

-20

0
T Bcl

ou
d  - 

T Bcl
ea

r  [K
]

50 100 150 200
Particle effective radius (µm)

-80

-60

-40

-20

0

T Bcl
ou

d  - 
T Bcl

ea
r  [K

]
Figure 5.7: Effect of the particle size on the Tb depression for a nadir viewing
geometry for imc = 0.4 g m−3. The left plot represents the tropical scenario
and the right plot represents the midlatitude winter scenario. The solid line
stands for 89 GHz, the dotted line for 150 GHz, the dashed line for 184 GHz,
the dash-dotted line for 186 GHz, and the dash-dot-dotted line for 190 GHz.

for the tropical compared to the midlatitude winter case, about 53 K
and 35 K respectively. The reason for this is explained in Section 5.2.1.

For frequencies closer to the 183 GHz water vapor line, ∆Tb is higher
for the midlatitude case compared to the tropical case. Among the
three frequencies, 184 GHz shows the largest difference between the
scenarios and 190 GHz has similar ∆Tbs for both scenarios. This be-
havior is similar to the case explained in Section 5.2.1 where the dif-
ference between the tropical and the midlatitude winter scenario is
attributed to the water vapor emission above the cloud.

The cross-over effect of the water vapor frequencies, as we saw in
the case of increasing ice water path, can also be seen here. It can be
seen again that this effect is more pronounced for the tropical case
compared to the midlatitude winter case. For the tropical scenario,
the clear sky Tb relationship

Tb
clear
190 > Tb

clear
186 > Tb

clear
184 (5.5)

holds up to r = 110 µm. A reverse order is established beyond r =
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Figure 5.8: The scattering coefficient of the ice particle distribution as a
function of effective radius for each frequency. The iwc is fixed at 0.4 g m−3.

150 µm where

Tb
cloud
190 < Tb

cloud
186 < Tb

cloud
184 (5.6)

The ice water path considered here is 800 g m−2 which is lower than
the cross-over point in Figure 5.4. Therefore it can be inferred that
even for a low ice water path this effect can be seen if the cloud particle
effective radius is large.

5.2.3 Effect of cloud altitude

In this section, the effect of the cloud altitude on the up-welling Tb is
discussed. All the other parameters are assumed to be constant and
the scenario correspond to the third row of Table 5.1. The cloud con-
sists of gamma distributed spherical particles with an effective radius
of 100 µm. The cloud is assumed to be homogeneous in the vertical di-
rection with an imc of 0.4 g m−3. The cloud is 2 km thick and is placed
at different altitudes as shown by the x-axis of Figure 5.9. It has to be
noted here that cirrus clouds are not a common occurrence at very low
altitudes. However the ranges for cloud altitudes seen from Chapter 2
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Figure 5.9: Effect of the cloud altitude on Tb for nadir viewing geometry
and imc = 0.4 g m−3. The left plot represents the tropical scenario and the
right plot represents the midlatitude winter scenario. The solid line stands
for 89 GHz, the dotted line for 150 GHz, the dashed line for 184 GHz, the
dash-dotted line for 186 GHz, and the dash-dot-dotted line for 190 GHz.

and from the ecmwf data (c.f. Section 2.5) show the presence of ice
clouds at rather low altitudes. Therefore these heights are included in
the results to cover all possible ranges of cloud altitudes. Figure 5.9
shows the effect of different cloud altitudes on Tb for the tropical and
the midlatitude scenarios. Figure 5.10 shows the Tb depression, ∆Tb

for both scenarios.
The results shown here are in a way indicative of the altitude each

frequency is sensitive to. For the tropical case, the Tb for 184 GHz re-
mains a constant, equal to the clear sky case for cloud base heights up
to 6 km. The reason for this is that the lower clouds are not visible at
this frequency because of water vapor emission above the cloud. Above
6 km, a Tb depression is observed. From Figure 5.10 it can be seen that
the maximum depression is about 27 K when the cloud is placed at
the highest altitude considered here, 12–14 km. For 186 GHz, up to a
cloud height of 3–5 km, there is no change in the Tb with changes in
cloud altitude as this frequency is sensitive only above about 5 km for
the tropical case. Beyond this, there is a steeper depression up to a
cloud altitude of 9 to 11 km. Thereafter, the Tbs saturate to a constant
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Figure 5.10: Effect of the cloud altitude on Tb depression for the nadir
viewing geometry for imc = 0.4 g m−3. The left plot represents the tropical
scenario and the right plot represents the midlatitude winter scenario. The
solid line stands for 89 GHz, the dotted line for 150 GHz, the dashed line
for 184 GHz, the dash-dotted line for 186 GHz, and the dash-dot-dotted line
for 190 GHz.

value because the clouds are above the sensing altitude and they have
more or less the same background. Therefore for the cloud altitudes
above the Jacobian peak, the Tbs remain constant irrespective of the
position of the cloud. From Figures 5.9 and 5.10 it can be seen that the
maximum depression is about 30 K at the highest cloud altitude. For
190 GHz, the depression starts already at the first cloud altitude 1 to
3 km. The steep depression behavior extends up to the cloud altitude
of 7 to 9 km and then tends to remain constant. The maximum de-
pression is about 34 K at the highest cloud altitude. Also for 150 GHz,
the Tb depression starts with the first cloud altitude (1 to 3 km). The
steep depression behavior extends up to cloud altitude 3 to 5 km and
thereafter the Tbs remain constant. The maximum depression is about
16 K. For 89 GHz, the effect of changing the cloud altitude is negligible
on the up-welling Tb as this frequency is not sensitive to ice clouds.

For the midlatitude winter case, the tropopause is at about 10.1 km.
Therefore cloud heights above 10 km are not considered. Here 184 GHz
starts getting sensitive to different cloud positions at a cloud top
height of 5 km compared to 8 km for the tropical case. All the other
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higher frequencies, 186, 190 and 150 GHz start showing depression at
the lower most cloud altitude, 1 to 3 km. This is obvious because the
midlatitude winter atmosphere is dry compared to the tropical case
and these frequencies are sensitive to lower altitudes. This can be seen
from their corresponding clear sky water vapor Jacobians in Figures
5.2 and 5.3. As in the tropical case, 89 GHz is not affected by cloud
positions. For this frequency the scattering effect is very small.

Another interesting feature is the intersection of the different Tb

curves corresponding to the frequencies 184, 186, and 190 GHz. As
can be seen from Figure 5.9, for the midlatitude winter scenario, the
clear sky Tb relationship

Tb
clear
190 > Tb

clear
186 > Tb

clear
184 (5.7)

is maintained for the cloud case up to a cloud altitude of 1 to 3 km. For
a cloud height of 2 to 4 km, it can be seen that while 184 GHz still has
the minimum Tb among these three frequencies, 186 GHz Tb is higher
than 190 GHz Tb. As the cloud heights are increased, the Tb changes
in such a way to establish a reverse of the clear sky relationship. This
happens at a cloud base altitude of 5 km where,

Tb
5-7
184 > Tb

5-7
186 > Tb

5-7
190 (5.8)

Beyond this, for cloud heights of 6 to 8 km and 8 to 10 km, the initial
clear sky relation ship is re-established. For the tropical case, the clear
sky relationship holds except for cloud base heights of 4, 5, and 6 km,
where 186 GHz Tb was slightly higher than 190 GHz Tb. But 184 GHz
had always the lowest Tb similar to the clear sky case. This confirms
the fact that the cross-over effect discussed in Sections 5.2.1 and 5.2.2
is valid independently of the cloud altitude.

In Muller et al. (1994), when the cloud base height increases from 4
to 8 km, the Tb depression increased by 20, 33, and 15 K respectively
at 182, 180 and 176 GHz. The iwp was 0.85 kg m−2 and the cloud
thickness was 4 km. The corresponding Tb increase as the cloud base
altitude increases from 4 km to 8 km using arts is 18, 20 and 13 K
respectively. The iwp for the simulation using arts is 0.8 kg m−2 and
the cloud thickness is 2 km.
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5.2.4 Effect of surface emissivity

It was mentioned in the introduction that, in addition to cloud specific
parameters, there are some other atmospheric and surface properties
which influence the up-welling Tb. The behavior of the up-welling Tb

at different surface emissivity values in the presence of cirrus clouds is
investigated here and is compared to the clear sky case. All the cloud
parameters are kept constant. This case correspond to the fourth row
of Table 5.1.

For all calculations, the cloud is assumed to consist of gamma dis-
tributed spherical particles with an effective radius of 100 µm. The
cloud is assumed to be homogeneous in the vertical direction with an
imc of 0.4 g m−3. The cloud is 2 km thick and is placed between 8 km
and 10 km. All simulations are done for nadir viewing angles.

Figure 5.11 displays the effect of changing the surface emissivity on
the up-welling Tb for the tropical and the midlatitude scenarios. Open
symbols represent clear sky simulations and symbols joined by lines
represent simulations in the presence of clouds. The frequencies that
are affected the most by the surface are 89 and 150 GHz. For both
clear and cloudy cases, the Tbs do not vary with varying emissivity
values for 184, 186, and 190 GHz.

For 89 and 150 GHz, it can be seen from Figure 5.11 that the Tb

increases linearly with the surface emissivity values for both the clear
and the cloud cases. The slope is steeper for 89 GHz as it is more
affected by the surface than 150 GHz. At all surface emissivities, the
midlatitude winter Tbs are lower compared to the tropical Tbs because
of the low surface temperature which decreases the surface emission
term. Surface emission is the largest contributor to the up-welling
radiation at these frequencies.

Figure 5.12 shows that the Tb depression due to cirrus clouds is
very small for 89 GHz. It is however interesting to note that the Tb

depression increases with increasing the surface emissivity. For the
tropical case, the Tb depression increases from about less than 1 K
at an emissivity value of 0.4 to about 3 K for a blackbody ground
(emissivity = 1). For the midlatitude winter case, at an emissivity
value of 0.4, the presence of clouds enhances the Tb by about 1 K (Fig-
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Figure 5.11: Effect of the surface emissivity on Tb for the nadir viewing
geometry. The left plot represents the tropical scenario and the right plot
represents the midlatitude winter scenario. The symbols ‘+’ and ‘∗’ rep-
resent the frequencies 89 and 150 GHz, respectively. For cloudy cases, the
symbols are joined by lines. The imc = 0.4 g m−3.

ure 5.12). From an emissivity of 0.5 onwards, the Tb depression starts
and it increases with emissivity reaching a maximum of about 3 K
for a blackbody ground. This is because, for window frequencies the
source of radiation is primarily the emission from the surface. From
Equation (4.33), the reflection term is very low as the contribution
from down-welling radiation is very small. At low surface emissivi-
ties the emission from the surface is very low, which implies that the
source term is low. Therefore the depression is also low. As the emis-
sivity increases, the source radiation increases and because extinction
is proportional to the source, the depression also increases. This be-
comes conceptually clear if one extends the Tb curve to zero emissivity,
where one would not see any up-welling radiation (apart from a small
atmospheric emission contribution) and correspondingly zero depres-
sion. Also for 150 GHz, the ∆Tb increases with increasing emissivity
values, but the effect is much more pronounced than for 89 GHz. The
∆Tb values increases from about 3 K at an emissivity value of 0.4 to
about 16 K for a blackbody ground. This is because the scattering is
much stronger at this frequency compared to 89 GHz. For the tropical
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Figure 5.12: Effect of the surface emissivity on the Tb depression for the
nadir viewing geometry. The left plot represents the tropical scenario and
the right plot represents the midlatitude winter scenario. The symbols ‘+’
and ‘∗’ represent the frequencies 89 and 150 GHz, respectively. The imc =
0.4 g m−3.

scenario, the change in Tb depression is only 2 K as one goes from an
emissivity value of 0.4 to 1. The contribution of the surface to the
150 GHz Tb is smaller for the wet tropical scenario compared to the
dry midlatitude winter scenario. The increase in Tb depression with
change in surface emissivity for 89 and 150 GHz is also seen in the
simulation of Bennartz and Bauer (2003) in the presence of graupel
shower.

For 89 GHz, from Figure 5.12, it was mentioned in the previous
paragraph that for the midlatitude winter scenario, for low surface
emissivity values of 0.4, the presence of clouds increase the Tb with
respect to the clear sky case. To get a clearer picture of this behavior,
simulations were done using the same setup for different cloud heights
at this frequency.

Figure 5.13 shows the impact of different cloud altitudes at differ-
ent surface emissivities for the tropical and the midlatitude winter
scenarios. At low emissivities, low clouds increase Tb with respect to
clear sky Tb. For the tropical scenario, at an emissivity of 0.4, for
cloud altitudes of 2 to 4 km and 4 to 6 km, Tb increases compared to
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Figure 5.13: Combined effect of the surface emissivity and of the cloud
height on 89 GHz brightness temperature depression for the nadir viewing
geometry for an imc of 0.4 g m−3. The left plot represents the tropical sce-
nario and the right plot represents the midlatitude winter scenario. The
different symbols stands for the different cloud altitudes.

the clear sky case, whereas for higher clouds Tb decreases compared
to the clear sky case. At emissivity values higher than 0.5, all cloud
altitudes show a Tb depression. For the midlatitude winter scenario,
where 89 GHz is more sensitive to ground properties compared to the
tropical case, it can be seen that at surface emissivities of 0.4 and 0.5,
all cloud altitudes enhance the Tb compared to the clear sky with the
lowest cloud altitude showing the highest enhancement. At emissivity
values higher than 0.5, all cloud altitudes show a Tb depression.

This is because at low surface emissivity values, the surface is ra-
diometrically colder than the atmosphere. Hence low clouds emitting
at a higher temperature against the cold background increases the
contribution to the emission term. This increases the brightness tem-
perature relative to the clear sky case. The fact that the scattering
cross-section is of the same order as the absorption cross-section at
89 GHz implies that scattering contribution is not very significant.
The high clouds obviously emit at a colder temperature. As we go to
higher emissivity values, the surface becomes more and more radio-
metrically warm, the main source is the surface emission term. This
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makes the atmospheric emission term less significant thus making the
extinction term dominant and the effect of cloud extinction is to lead
to a decrease in the Tb compared to the clear sky case. This increas-
ing effect is more dominant for the dry midlatitude winter scenario
as it has more surface effects compared to the tropical scenario. At
the same emissivity, the midlatitude winter case has a radiometrically
colder surface background.

5.2.5 Modification of limb effect in the presence of
clouds

The presence of clouds can modify the scan angle dependence of
amsu-b Tb. The simulations for zenith angles from 130◦ to 180◦ are
done for clear as well as for cloudy conditions for the midlatitude and
the tropical scenarios. This range of zenith angles covers the amsu-b
viewing angles. The cloud is assumed to consist of gamma distributed
spherical particles with an effective radius of 100 µm and is assumed
to be homogeneous in the vertical direction with an imc of 0.4 g m−3.
The cloud is 2 km thick and is placed between 8 and 10 km. The sur-
face emissivity is set to 0.7.

Figure 5.14 shows the Tb at 89 GHz as a function of the zenith
angles for the tropical and the midlatitude scenarios. The solid line
represents the clear sky simulation and the dashed line represents
the simulation in the presence of clouds. From the clear sky case, it
can be seen that as one moves towards off-nadir angles Tb increases,
which is referred as limb brightening. This is due to the increased
emission because of the longer paths through the atmosphere at large
off-nadir angles. The limb effect is shown more by the humid tropical
profile compared to the midlatitude winter case. In the presence of
clouds, the limb effect is modified. For the tropical scenario, under
clear sky conditions, the difference in Tb between nadir and 130◦ is
18 K whereas under cloudy conditions, the difference is reduced to
15 K. For the midlatitude winter scenario, where the effect of clouds
is small compared to tropical, for 89 GHz (Sections 5.2.2 and 5.2.1),
the limb effect for the clear sky case is 15 K and for the cloudy case is
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Figure 5.14: Limb effect on 89 GHz for clear and cloudy cases. The imc for
the cloud case is 0.4 g m−3. The left plot represents the tropical scenario
and the right plot represents the midlatitude winter scenario. The solid line
shows the clear sky case and the dashed line shows the cloudy case.

13 K. This is because for both scenarios the Tb depression due to clouds
is strongest at the extreme off-nadir position. This is because of the
longer path length through the cloud which increases the scattering
effect. This in turn reduces the limb brightening.

Figure 5.15 shows the limb effect for 150 GHz for the tropical and
the midlatitude scenarios. For the tropical case, under clear sky con-
ditions, as the zenith angle goes from nadir towards the off-nadir po-
sitions, the Tb increases slightly in the beginning, but beyond 140◦,
the Tb decreases. The simulations in the presence of clouds also show
limb darkening, i.e., the Tb decreases as the viewing angles get closer
to the limb. The limb darkening is only 1K for the clear sky case while
it is 15 K for the cloudy case. This case is similar to the case of water
vapor frequencies which will be discussed in the next paragraph. For
the tropical case, 150 GHz does not behave like a pure surface chan-
nel as can be seen from the weighting functions. For the midlatitude
winter scenario, under clear sky conditions, there is limb brightening.
This is like in the case of 89 GHz, where longer path lengths leads to
increased emission. For the cloudy case, the Tb increases slightly in
the beginning, but beyond 140◦, there is limb darkening. The bright-
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Figure 5.15: Limb effect on 150 GHz for clear and cloudy cases. The left plot
represents the tropical scenario and the right plot represents the midlatitude
winter scenario. The solid line shows the clear sky case and the dashed line
shows the cloudy case.

ening for the clear sky case due to the increased water vapor emission
is about 18 K whereas the limb darkening in the presence of clouds
is only about 1 K. The water vapor emission, which increases the Tb

for longer paths in the clear sky case is actually compensated here by
the cirrus scattering which decreases Tb for longer paths in the cloudy
case.

Table 5.2: Limb darkening effect (in Kelvin) for 184, 186, and 190 GHz for
clear and cloudy cases for the tropical and the midlatitude winter scenarios.
Limb darkening = T 180

b − T 130
b .

184 GHz 186 GHz 190 GHz

Tropical clear 6.13 6.61 6.4
cloud 11.78 23.75 30.34

Midlatitude winter clear 5.76 5.39 2.75
cloud 22.0 27.15 28.61

All the water vapor frequencies show limb darkening for both the
tropical and the midlatitude scenarios under clear and cloudy condi-
tions. For the clear sky case, the limb darkening is due to an increase
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in water vapor absorption for longer path lengths. For the cloudy case,
this is due to the combined increase in water vapor absorption and
in the cloud particle extinction for off-nadir angles. This explains the
increased limb darkening for cloud cases compared to the clear sky
cases. Consistent with the results in Sections 5.2.2 and 5.2.1, the mid-
latitude case is more sensitive to scattering due to clouds compared to
the tropical case at all zenith angles. Table 5.2 summarizes the limb
darkening effect for the three frequencies, 184, 186, and 190 GHz.

5.2.6 Effect of particle shape

In order to investigate the impact of non-spherical particles on the
up-welling brightness temperatures, the calculations corresponding to
row five of Table 5.1 where the modification of limb effect was consid-
ered using spherical particles was repeated for non-spherical particles
following the same size distribution. The particle shapes considered
were spheroids with aspect ratios of 4 and 0.25 and cylinders with as-
pect ratio of 4 and 0.25. The difference between the Tb for the clear sky
case and the cloud case at different frequencies is plotted as a function
of zenith angle in Figure 5.16 for the tropical and the midlatitude win-
ter scenarios. The different line-styles represent the different shapes of
the particle. The brightness temperature difference between the differ-
ent particle shapes increases as one goes away from the nadir because
of the larger path through the cloud. This is because the scattering
effect increases as the path length through the cloud increases. It can
be seen that as the particle shape deviates from a sphere, the bright-
ness temperature depression increases. At any particular frequency,
spheroids having an aspect ratio of 4 have the largest deviation from
spheres. The largest deviation is close to 5 K for 190 GHz for both
scenarios. This is because the scattering cross-section for this parti-
cle shape is the largest among all the particle shapes considered here
(c.f. Section 3.4.2). It has to be kept in mind that the effective radius
and the iwc considered here are 100 µm and 0.4 g m−3 respectively.
A smaller particle size and lesser iwc will not result in such a large
impact of the shape on the Tb as the wavelengths considered here
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Figure 5.16: Effect of particle shape on 89, 150, 184, 186 and 190 GHz
brightness temperature. The imc = 0.4 g m−3. The left plot is for the trop-
ical scenario and the right plot is for the midlatitude winter scenario. The
difference line styles represent different particle shapes as shown in the leg-
end.
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are larger. Consistent with the previous results, 89 GHz is the least
sensitive frequency and 190 GHz is the most sensitive.

The polarization signal due to the ice particles is also another in-
teresting factor to investigate. Figure 5.17 shows the comparison of
the polarization signal due to spherical particles and cylindrical par-
ticles that are randomly oriented (referred to as p20 in the figure)
to cylindrical particles that are horizontally aligned and azimuthally
randomly oriented (referred to as p30 in the figure). All the parti-
cles have an equal volume sphere radius of 100 µm and all the other
cloud parameters remain the same as described in the beginning of
this subsection. The result is shown only for the midlatitude winter
scenario and for 190 GHz. The polarization signal is zero close to the
nadir viewing angle, as expected. As the viewing angle increases, the
polarization signal increases for all the particle types considered. But,
for the horizontally aligned and azimuthally randomly oriented parti-
cles, the polarization signal is much larger compared to the completely
randomly oriented case. At 130◦, the polarization signal shown by the
horizontally aligned and azimuthally randomly oriented particles is
about 12 K whereas for completely oriented particles, the magnitude
of Q is only about 0.5 K for both spherical and non-spherical particles.
This is an important result, because this large value of Q for aligned
particles can influence the value of the intensity if a vector radiative
transfer equation is not used.

5.2.7 Conclusions

The simulations in the presence of ice clouds show that increasing the
iwp decreases the Tb at all the frequencies considered here because
of increased scattering. The effect of scattering is the minimum for
89 GHz and the maximum for 190 GHz. For 184, 186, and 190 GHz,
the effect of clouds is stronger for the dry midlatitude scenario com-
pared to the tropical scenario for the same cloud height. The reason for
this is the increased water vapor emission above the cloud for a humid
scenario compared to a dry scenario. The scattering signal increases
as the particle size increases for a fixed iwp. This implies that the
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Figure 5.17: Effect of particle orientation on the polarization signature for
190 GHz for the midlatitude winter scenario.

presence of a smaller number of larger particles have more scattering
effect than the presence of a larger number of smaller particles. This
arises due to the increasing scattering coefficient as the particle size in-
creases at a fixed iwc. Ice clouds at low altitudes have only negligible
impact on the Tbs of 184, 186, and 190 GHz. When the cloud is at alti-
tudes that are at or above the sensing altitude corresponding to these
frequencies, a Tb depression is observed. The Tb depression increases
as the clouds are placed at higher altitudes. The surface emissivity is
a significant factor which can modify the impact of ice clouds at 89
and 150 GHz. The Tb depression is comparatively higher if the surface
emissivity is higher. A slight increase in Tb depression is observed for
190 GHz also when the atmosphere is very dry. Over a surface with
low emissivity, the presence of low ice clouds can increase the 89 GHz
Tb compared to the clear sky case. This is because at 89 GHz where
absorption and scattering are of the same order, the absorption due to
cloud at warm layer against a radiometrically cold surface background
can lead to cloud emission. The study of the modification of the limb
effect in the presence of clouds showed that the limb darkening for
184, 186, and 190 GHz increases in the presence of ice clouds because
the scattering effect is increased when longer paths are to be traversed
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through the clouds for large off-nadir angles. Finally, the study on the
influence of particle shape shows that at least for the range of particle
shapes considered here, the maximum impact is only about 5 K. It
was also shown that the polarization signal can be as high as 12 K
at a zenith angle of 130◦ for a horizontally aligned and azimuthally
randomly oriented particle for the given ice water content of 0.4 g m−3

and particle effective radius of 100 µm.

5.3 Effect of liquid clouds on microwave
radiances

The study of the effect of liquid clouds at microwave wavelengths
is important especially for those channels that can see further down
into the atmosphere. Among the frequencies considered here, 89 and
150 GHz could be more sensitive to lower level liquid clouds compared
to the higher frequencies. Moreover, the interaction of liquid clouds
with microwave radiation is more through absorption, which makes
it distinctly different to the effect of ice clouds where the interaction
is mostly through scattering. This section examines the sensitivity of
liquid cloud parameters on the same frequencies that were considered
for ice clouds, i.e., 89, 150, 184, 186 and 190 GHz (c.f. subsection 5.1.3).

The calculations are done in a similar way as in Section 5.2. The
effect of different cloud parameters like cloud liquid water content,
droplet effective radius, and cloud altitude on the up-welling radiation
is studied by varying only one parameter at a time. The set up for
this is the same as described in Section 5.1.

A summary of the different cases that will be considered is shown
in Table 5.3.

5.3.1 Effect of liquid water path

In this section, the effect of the liquid water path (lwp) on the up-
welling brightness temperature (Tb) will be discussed. Similar to iwp,
lwp is the integrated liquid water content expressed in units of kg m−2.
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Table 5.3: The different liquid cloud cases considered in this study. As in
Table 5.1 for ice clouds, each row represents one set of simulations with
corresponding values of cloud parameters, surface emissivity and line of
sight given in each column.

lwc [ g m−3] reff [µm] cloud ht. [km] emissivity los

0 – 0.8 15 4 – 5 0.7 180◦

0.4 6 – 20 4 – 5 0.7 180◦

0.4 15 1 – 2 to 8 – 9 0.7 180◦

0.4 15 4 – 5 0.4 – 1.0 180◦

0.4 15 4 – 5 0.7 130◦ – 180◦

The case discussed here corresponds to the first row of Table 5.3. The
liquid water content (lwc) is varied from 0 to 0.8 g m−3. This range of
lwc is reasonable as can be seen from Chapter 2 on the discussion on
liquid clouds. The cloud is assumed to be 1 km thick and is placed at
an altitude of 4 to 5 km. The cloud is assumed to be homogeneous in
the vertical direction. The liquid particles are considered to be spher-
ical in shape following a gamma size distribution with an effective
radius of 15 µm. The upper and lower radius limits of the particles in
the distribution are taken to be 5 and 60 µm respectively. The surface
emissivity is assumed to be 0.7 and the simulations are done for nadir
viewing geometry. Figure 5.18 shows the effect on brightness temper-
ature due to an increasing lwp for the tropical and the midlatitude
winter atmospheric scenarios, and Figure 5.19 shows the difference be-
tween the clear sky simulation and a simulation including only liquid
clouds. The difference ∆Tb (∆Tb = T cloud

b − T clear
b ) is plotted at each

lwp.
It can be seen that there is a marked difference compared to the

behavior of ice clouds. The reason is as mentioned earlier, in this
frequency range, liquid clouds mostly absorb whereas ice clouds mostly
scatter. This can also be seen from the single scattering properties of
ice and liquid particles in Figures 3.9 and 3.5. In the case of ice clouds,
89 GHz was almost inert to any changes in iwp, whereas for liquid
clouds 89 GHz is the frequency that is most sensitive to changes in the
lwp. As the lwp increases, the brightness temperature corresponding
to 89 GHz increases. This increase in Tb in the presence of liquid clouds
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Figure 5.18: Effect of the liquid water path on Tb for the nadir viewing
geometry. The left plot represents the tropical gas absorption scenario and
the right plot represents the midlatitude winter gas absorption scenario.
The solid line stands for 89 GHz, the dotted line for 150 GHz, the dashed
line for 184 GHz, the dash-dotted line for 186 GHz, and the dash-dot-dotted
line for 190 GHz.

is because of the absorption of liquid clouds positioned at a warmer
layer against the radiometrically cold surface background which leads
to cloud emission. The emission increases as the optical depth through
the cloud increases for higher lwp. For both the tropical and the
midlatitude winter cases, there is initially a rapid increase of Tb with
lwp. Beyond a certain value of lwp, the increase is rather slow and the
Tbs tend to saturate as the cloud optical thickness is very high. The
maximum enhancement is about 15 K for the tropical scenario and
about 40 K for the midlatitude winter scenario. For the midlatitude
winter case, the increase in Tb is larger than for the tropical case.
This is because for the midlatitude winter scenario the atmosphere
is comparatively drier than the tropical scenario. Also, the surface is
radiometrically much colder compared to the tropical scenario which
increases the radiometric contrast.

Among the frequencies close to the center of the water vapor line,
184 GHz is inert to any changes in the lwp. This is because, the con-
tribution to radiation at this frequency comes from altitudes that are
above the position of the liquid cloud. Figure 5.19 shows that the dif-
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Figure 5.19: ∆Tb (T cloud
b − T clear

b ) for the nadir viewing geometry. The
left plot represents the tropical scenario and the right plot represents the
midlatitude winter scenario. The solid line stands for 89 GHz, the dotted line
for 150 GHz, the dashed line for 184 GHz, the dash-dotted line for 186 GHz,
and the dash-dot-dotted line for 190 GHz.

ference to the clear sky case is close to 0 K for the tropical case. The
cloud altitude of 4 to 5 km is well below the sounding altitude of this
channel (see Figure 5.2). For the midlatitude winter case, since the
weighting function peaks at a slightly lower altitude, the presence of
clouds has a small effect of about 2 K.

For other frequencies, namely 186 and 190 GHz, as the lwp in-
creases, Tb decreases. At these frequencies the presence of the highly
absorbing liquid cloud makes the Tbs to saturate at colder higher al-
titudes. For 186 GHz also the weighting function peaks well above the
cloud altitude for the tropical scenario. Therefore the effect of increas-
ing lwp within the cloud has only a negligible effect on the up-welling
Tb, about 1 K at the maximum lwp. For the midlatitude-winter sce-
nario, the maximum Tb depression is about 6 K. For 190 GHz, the
maximum depression is about 7 K for the tropical case, and about
10 K for the midlatitude winter case. The decrease in Tb is due to
the extinction by liquid clouds which mainly comes from absorption
rather than scattering.

As we have seen for ice clouds, 150 GHz behaves more like a water
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vapor channel for the tropical case and like a surface channel for the
midlatitude winter case. This means that the Tb decreases with lwp
for the tropical case and increases with lwp for the midlatitude win-
ter case. For the tropical scenario, the Tb depression for 150 GHz is
comparatively higher than that for the water vapor frequencies. This
is because the cloud is more visible to this frequency than the wa-
ter vapour frequencies. The maximum depression is about 10 K. For
the midlatitude winter scenario, the Tb enhancement follows the same
curve as 89 GHz up to an lwp of 0.2 kg m−2 after which it saturates
to a constant Tb.

For both scenarios it can be seen from Figure 5.18 that except for
184 GHz, 89 GHz has the lowest Tb for the clear sky case corresponding
to lwp = 0. For clear sky cases, this is true only when the surface
emissivity is not very high, like over the oceans. Over land surfaces,
the surface emissivity is usually very high, close to 0.95 and 89 GHz
Tb can be higher than those for the frequencies close to the water
vapour line at 183 GHz. Over regions of low surface emissivity, as the
lwp is increased, the Tb for 89 GHz increases and after a certain lwp
has higher Tb compared to the Tb at the other frequencies. In this
example it can be seen that for the tropical scenario, beyond lwp
value of 0.6 kg m−2, 89 GHz has the highest Tb.

In the simulation by Muller et al. (1994) at an lwp of 0.5 kg m−2, the
Tb enhancement for a 2–3 km liquid cloud is about 7 K. Using arts,
at the same lwp, the enhancement is about 15 K. The main reason
for this discrepancy is that the surface emissivity used in Muller et al.
(1994) is 0.9, whereas here it is 0.7. It will be shown in 5.3.4, that as the
surface emissivity increases, Tb enhancement decreases. For 176 GHz
the 2–3 km cloud in Muller et al. (1994) shows a very low depression
of about 1 K. This can be compared to a depression on about 5 K
using arts. The difference here is because the cloud is at an altitude
of 4–5 km and this can contribute to a much colder emission.
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5.3.2 Effect of liquid particle size

The effect of liquid particle sizes on up-welling brightness temperature
is examined in this section. The liquid particle effective radius is varied
from 8 to 20 µm. The upper and the lower radius limits for the dis-
tribution are taken to be 5 and 60 µm, respectively. The assumptions
regarding the other cloud parameters and atmospheric parameters are
shown in the second row of Table 5.3. It has to be kept in mind that
while the particle radius is changed, the liquid water content (lwc) of
the particle is maintained constant. The value of liquid water content
is taken to be 0.4 g m−3 and the cloud is at a height of 4–5 km.

Since the pre-dominant contribution to the extinction comes from
absorption of liquid clouds, there is no change in Tb when the size
of the particle increases. This is because the absorption coefficient is
proportional only to the particle volume, thus the extinction by the
cloud depends only on the lwc, which is held a constant here (Nielsen
et al., 2004). Therefore the Tb does not depend on the effective radius.

However, when the particle radius is taken to be very large, there is
a slight contribution coming from the scattering. This can be better
understood with the help of a mono-distribution of spherical liquid
particles. For a mono-distribution, the particle number densities are
calculated using the simple formula,

n0 =
lwc

4/3πr3ρliq
, (5.9)

where n0 is the particle number density and r is the radius of the
particle. Density of the liquid particle, ρliq is 1.

Figure 5.20 shows the increase in the scattering coefficient with par-
ticle radius, for a constant lwc. Only above a certain particle radius,
scattering becomes important. Above this particle radius, the Tb also
starts to have some impact from the particle radius. Figure 5.21 shows
the impact of the particle radius on the Tb when the liquid water con-
tent is kept constant. It can be seen that for the range of realistic
liquid particle sizes, the Tb remains almost constant.

For 89 GHz, which does not show much increase in the scattering
coefficient the difference in Tb is negligible. For the higher frequencies,
the Tb depression effect is higher for the midlatitude case than the
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tropical. This is because the water vapor emission from above the
cloud is higher for the tropical scenario.
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Figure 5.20: Effect of increasing particle size on the scattering coefficient,
when the liquid water content is kept a constant.The solid line stands for
89 GHz, the dotted line for 150 GHz, the dashed line for 184 GHz, the dash-
dotted line for 186 GHz, and the dash-0-dash line for 190 GHz.

5.3.3 Effect of cloud altitude

Here, the effect of varying the altitude of a liquid cloud on the up-
welling Tb will be examined. The set up for the calculation corresponds
to the third row of Table 5.3. This means all the cloud and the atmo-
spheric parameters remain the same as in Section 5.3.1, except that
the lwc is assumed to be a constant 0.4 g m−3, and that the cloud al-
titude is varied within a reasonable range. The clouds are all assumed
to be one kilometer thick. The cloud base altitude ranges from 1 to
4 km for the midlatitude winter scenario and 1 to 8 km for the tropical
scenario. Figure 5.22 shows the Tb at all the frequencies as a function
of cloud base height.

It can be seen from Figure 5.23 that the Tb difference in the presence
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Figure 5.21: Effect of particle size on ∆Tb for a nadir viewing geometry
when the liquid water content is kept constant. The left plot represents
the tropical scenario and the right plot represents the midlatitude winter
scenario. The solid line stands for 89 GHz, the dotted line for 150 GHz, the
dashed line for 184 GHz, the dash-dotted line for 186 GHz, and the dash-
dot-dotted line for 190 GHz.

of liquid clouds is highly sensitive to the cloud altitude. Especially for
89 and 150 GHz, the Tb difference can be seen at all cloud base al-
titudes whereas for the higher frequencies, the effect is present only
if the cloud is above the sounding altitude of the channels which can
be seen in the clear sky Jacobians in Figure 5.3. For the tropical sce-
nario, the clear sky Tb at 89 GHz is about 258 K. If a liquid cloud
is present at a height of 1–2 km, the Tb increases to about 282 K.
As mentioned in the previous sections, this increase in Tb at 89 GHz
is due to the emission from liquid clouds against the radiometrically
cold surface background. For the midlatitude winter scenario the Tb

increase is about 40 K due to liquid clouds. The larger difference for
the midlatitude winter scenario compared to the tropical scenario re-
sults from the fact that the atmosphere is drier and that the surface
is colder. As the cloud height is increased to 2–3 km, the cloud emis-
sion is coming from colder temperatures. This is responsible for the
brightness temperature decrease with cloud height. Therefore the Tb

enhancement due to the clouds is reduced. For 150 GHz, the result
for the midlatitude winter scenario is similar to the result for 89 GHz.
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Figure 5.22: Effect of cloud height on Tb for a nadir viewing geometry. The
left plot represents the tropical scenario and the right plot represents the
midlatitude winter scenario. The solid line stands for 89 GHz, the dotted line
for 150 GHz, the dashed line for 184 GHz, the dash-dotted line for 186 GHz,
and the dash-dot-dotted line for 190 GHz.

The Tb increase compared to the clear sky case is about 30 K for a
cloud altitude of 1–2 km. As the cloud height changes to higher alti-
tudes, the Tb enhancement decreases due to the colder emission from
the cloud. For the tropical case, the Tb does increase compared to the
clear sky Tb for a cloud height of 1–2 km. But when the cloud is placed
at higher and higher altitudes, the tropical scenario being wetter, the
surface emission factor becomes negligible. The presence of clouds fur-
ther decreases the contribution from the lower altitudes. This means
that the Tb decreases with higher cloud base heights. When the cloud
is at 8–9 km, the Tb depression is about 25 K.

The water vapor frequencies behave in a similar way as in the pres-
ence of ice clouds. At these frequencies, Tb decreases with respect to
the clear sky case when the cloud is at a height above the peak of
their clear sky weighting function. For the tropical scenario, 184 GHz
is inert to all clouds having a cloud base height below 6 km. Beyond
this cloud base height, the presence of the cloud decreases the Tb and
the maximum Tb depression of about 6 K is seen for the highest cloud
at 8–9 km. The midlatitude winter scenario being drier than the trop-
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Figure 5.23: ∆Tb for different cloud heights for a 1 km thick cloud for a
nadir viewing geometry. The left plot is for the tropical scenario and the
right plot represents the midlatitude winter scenario. The solid line stands
for 89 GHz, the dotted line for 150 GHz, the dashed line for 184 GHz, the
dash-dotted line for 186 GHz, and the dash-dot-dotted line for 190 GHz.

ical, 184 GHz is sensitive to clouds at lower altitudes compared to the
tropical. The behavior is similar for the other frequencies, namely,
186 and 190 GHz except that they are sensitive to much lower cloud
altitudes.

For 190 GHz, there is a slight increase in Tb when the cloud is at
1–2 km, because the drier midlatitude winter scenario can have some
surface contribution. But as the cloud is at higher and higher altitudes,
the atmosphere below the cloud decreases the surface contribution and
the Tb decreases with respect to the clear sky case. The maximum Tb

depression is shown by 190 GHz.

5.3.4 Effect of surface emissivity

As in the case of ice clouds, the effect of changing the surface emissivity
on the up-welling Tb in the presence of liquid clouds is examined in
this section. In the presence of liquid clouds, the variation of Tb for
89 and 150 GHz with emissivity is different compared to the clear sky
case.
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Figure 5.24: Effect of the surface emissivity on Tb for the nadir viewing
geometry. The left plot represents the tropical scenario and the right plot
represents the midlatitude winter scenario. The symbols ‘+’, and ‘∗’ repre-
sent the frequencies 89 and 150 GHz, respectively. The symbols joined by
lines denote the cloud case.

Figure 5.24 shows that for both scenarios, in the presence of clouds,
the Tbs depend less on the surface emissivity compared to the clear
sky case since the presence of clouds obscure the surface contribution.
For the tropical scenario, the difference in the 89 GHz clear sky Tb is
about 70 K as the emissivity changes from 0.4 to 1.0. In the presence
of clouds, the difference reduces to about 20 K. From Figure 5.25, it
can be seen that for 89 GHz the presence of liquid clouds increase the
Tb compared to the clear sky case at all low emissivity values. This
was true in the previous sections also, where the emissivity was set
to 0.7. At an emissivity of 0.4, the presence of the liquid cloud at 4–
5 km increases the Tb by about 40 K. This is because at low emissivity
values, the surface is radiometrically much colder and the presence
of a cloud at warmer layers of the atmosphere contributes to emis-
sion from these layers which increases the Tb compared to the clear
sky case. As the surface emissivity increases, the Tb enhancement de-
creases because the surface becomes radiometrically warmer, thus the
extinction term also becomes significant. Emission contribution from
the cloud is prominent when there is absorption against a cold back-
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Figure 5.25: ∆Tb at different emissivities for nadir viewing geometry. The
left plot represents the tropical scenario and the right plot represents the
midlatitude winter scenario. The symbols ‘+’, and ‘∗’ represent the frequen-
cies 89 and 150 GHz, respectively.

ground. Consequently, at e = 0.9 and e = 1.0, the presence of cloud
decreases the Tb compared to the clear sky case. For the midlatitude
winter scenario also, both 89 and 150 GHz show increase in Tb in the
presence of liquid clouds at all emissivity values except at 1.0. For
150 GHz, which behaves like a water vapor channel for the tropical
scenario, the presence of liquid clouds decreases the Tb with respect
to the clear sky case for all emissivity values. In this case there is no
variation in Tb with surface emissivity in the presence of clouds as the
surface is obscured by the presence of clouds. The presence of liquid
clouds diminishing the effect of surface emissivity variation for 89 and
150 GHz is also shown in the results of Muller et al. (1994).

5.3.5 Modification of limb effect in the presence of
liquid clouds

The limb darkening and brightening effects as well as how they get
modified in the presence of ice clouds was explained in detail in sub-
section 5.2.5. In this section the modification of the limb effect in
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Figure 5.26: The brightness temperature at different viewing angles for the
tropical scenario. Nadir viewing is represented by 180◦. The solid line rep-
resents the clear sky case and the dashed line represents the liquid cloud
case. The top left panel shows the results for 89 GHz, top right for 150 GHz,
middle left for 184 GHz, middle right for 186 GHzand the bottom left for
190 GHz.
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Figure 5.27: The brightness temperature at different viewing angles for the
midlatitude winter scenario. Nadir viewing is represented by 180◦. The solid
line represents the clear sky case and the dashed line represents the liquid
cloud case. The top left panel shows the results for 89 GHz, top right for
150 GHz, middle left for 184 GHz, middle right for 186 GHzand the bottom
left for 190 GHz.
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the presence of liquid clouds is examined. The set up for calculations
corresponds to the fifth row of Table 5.3.

Figures 5.26 and 5.27 show the limb effect for the tropical scenario
and the midlatitude winter scenario, respectively. The results indi-
cate that the brightening for 89 GHz is reduced in the presence of
liquid clouds. This is because the highly absorbing liquid cloud in-
creases the atmospheric opacity so that the brightness temperature
at this frequency gets saturated inside the cloud itself. This effect is
more dominant for the tropical scenario. The midlatitude winter sce-
nario being drier is not as opaque as the tropical scenario. Therefore
it exhibits slightly higher limb brightening compared to the tropical
scenario. The behavior of the Tb at 150 GHz for the midlatitude winter
scenario is similar to that of 89 GHz for the tropical scenario. But for
the tropical scenario 150 GHz shows limb darkening for both clear case
and in the presence of clouds. This behavior is similar to that of higher
frequencies closer to the water vapour line at 183 GHz. For all these
frequencies, namely 184, 186 and 190 GHz, there is limb darkening as
the viewing angle goes away from the nadir since saturation is reached
at higher altitudes, which are colder. For 184 GHz there is no differ-
ence between the clear sky case and the cloud case for the tropical
scenario as the clouds are below the sensing altitude of this frequency.
For the midlatitude winter scenario, clouds are slightly visible at 180◦

as can be seen from the very small Tb depression in Figure 5.27. As
the viewing angle increases saturation is reached at higher altitudes
because of the larger path length through the atmosphere thus mak-
ing the cloud less and less visible. At 130◦ both clear and cloud cases
show the same Tb. For 186 and 190 GHz, which are sensitive to lower
altitudes the clouds are visible at the largest off-nadir angle considered
here for both scenarios, thus leading to Tb depression in the presence
of liquid clouds.

5.3.6 Conclusions

Compared to ice particles which are mostly scatterers in the microwave
region, liquid particles are mostly absorbers. Also, liquid clouds are
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present mostly at low altitudes in the atmosphere, except when there
is a convective activity. Therefore liquid clouds modify the upwelling
radiation in a different way as compared to ice clouds. In many cases,
the effect of liquid clouds can be understood by making an analogy
to the effect of increasing water vapor. The presence of liquid clouds
leads to an enhancement of brightness temperature compared to the
clear sky for 89 GHz and a depression for the frequencies 184, 186,
and 190 GHz. Under dry atmospheric conditions, 150 GHz behaves
like a surface channel and under humid conditions like a water vapor
channel. The increase in Tb due to liquid clouds at surface sensitive
frequencies is because the absorbing liquid clouds present at warmer
layers of the atmosphere over a cold surface contributes to cloud emis-
sion which increase the Tb compared to the clear sky case. For higher
frequencies the absorbing liquid clouds contribute to the opacity of
the atmosphere. Because of this, saturation is reached at higher al-
titudes leading to a Tb depression. But in most cases, liquid clouds
occurring at low altitudes are not sensed by these frequencies, espe-
cially 184 GHz. The change in lwp or cloud altitude is not visible to
this frequency. For surface sensitive frequencies, the dependence of up-
welling Tb on the surface emissivity decreases in the presence of liquid
clouds. For 89 GHz, as the emissivity increases the Tb enhancement
decreases. When the surface emissivity is close to one, the surface is
radiatively warmer and the presence of liquid clouds can cause a Tb

depression. The limb brightening at 89 and 150 GHz is reduced com-
pared to the clear sky case. For the water vapor frequencies, for highly
off-nadir angles, saturation can sometimes be reached above the cloud
altitude which makes the effect of cloud negligible.

5.4 A case study using fields from ERA-40
5.4.1 Introduction

The radiative transfer simulations in Sections 5.2 and 5.3 were based
on climatological profiles of temperature and humidity taken from
fascod scenarios. Each of the cloud properties was varied on a large
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range to study its impact on the up-welling brightness temperature.
This helps to get the range of differences in brightness temperature
that one can expect in the presence of clouds. This improves our un-
derstanding of satellite data in the presence of clouds. For example,
a very large increase in the brightness temperature at a frequency of
89 GHz can only come from the presence of liquid clouds. Though this
study helps to understand in general the effect of clouds, it does not
cover a wide range of atmospheric scenarios. A more realistic repre-
sentation of the atmospheric state including clouds can be obtained
only through observations. For example, the regular radiosonde obser-
vations can give information on temperature and humidity at various
geographical locations. But, cloud measurements are not done on a
large scale. They are limited spatially and temporally. The observa-
tion campaigns were mostly done over the United States and Europe.
An overview of the principal in situ measurements is given in Heyms-
field and McFarquhar (2002). In order to get a data set which can cover
all different kinds of atmospheric and cloud conditions, it is practical
to use data from a global model. The ecmwf ReAnalysis (era)-40
data (c.f. Section 2.5) is used here to get a global distribution of ice
and liquid water clouds and to see whether this variability is mapped
to the variability in the brightness temperature. Subsection 5.4.2 ex-
plains the data and methodology and subsection 5.4.3 discusses the
results.

5.4.2 Data and methodology

For the simulations presented in this section, data corresponding to
just one model time step is used: 1 January 2000, 0000 UT. Because
the aim is not to simulate one particular event, but rather to cover
a large range of possible different cloud characteristics, the choice
of date was arbitrary. This is also the date chosen for a comparison
between the arts clear sky model and the rttov model (N. Courcoux,
personal communication).

Profiles of temperature, humidity, ice and liquid water content are
taken from the era-40 data. The gaseous absorption is calculated in
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Figure 5.28: The top panel shows the iwp and the bottom panel shows the
lwp.

the same way as explained in Section 5.1. Since the model does not
give any information on the size and shape of the particles, a gamma
size distribution of spherical particles was assumed. The effective ra-
dius was assumed to be 50 µm for ice particles and 10 µm for liquid
particles. In order to see the sensitivity to particle size, simulations
were also done assuming 100 µm for ice particles and 15 µm for liquid
particles. The particle number densities were calculated using Equa-
tion (5.3).

The top panel of Figure 5.28 shows the ice water path (iwp) dis-
tribution and the bottom panel shows the liquid water path (lwp)
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distribution over the globe. The iwp ranges from 0 to 1 kg m−2 and
the lwp from 0 to 3 kg m−2. Regions of high iwp are also regions of
high lwp though there are regions where there are mostly only liq-
uid clouds, especially over equatorial regions. Over equatorial regions,
very high iwp and lwp are seen mostly over the west coast of In-
donesia and over Central America. In the midlatitudes, high clouds
are associated with the frontal systems which can be clearly seen in
the Southern hemisphere. Beyond 60◦ North, there is a patch of cloud
extending from Greenland towards Northern Europe.

The aim of the study is to see how far the radiative transfer model
can reproduce the iwp and the lwp distribution in terms of difference
in brightness temperature under clear sky conditions and cloud condi-
tions. Therefore, three sets of calculations were done. The first set of
results correspond to the clear sky. The radiative transfer calculations
were done switching off the cloud box. The second set of calculation
was done including only ice clouds and the third set was done includ-
ing only liquid clouds. The surface emissivity was assumed to have a
constant value of 0.7. This is not a reasonable assumption over land
areas and can be highly variable over the sea which can change the
cloud signal also, especially for the window frequencies. The frequen-
cies considered are the same as in Section 5.1. All of the simulations
were done for nadir viewing assuming the independent pixel approxi-
mation. This means 29040 (240 × 121) radiative transfer calculations
were done for each set. For one set of calculation in the presence of
clouds, the time required was approximately 30 hours using 10 com-
puters simultaneously. For the clear sky case, the time required was
less.

5.4.3 Results

Ice clouds

This section examines the results for calculations in which only ice
clouds were included. For 89 GHz, from Figure 5.29 it can be seen
that over the equatorial regions, there is a Tb depression due to ice
clouds whereas over the midlatitudes and higher latitudes there is a
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Tb enhancement. This is consistent with the results presented in Sec-
tion 5.2. For a particle of effective radius 50 µm, absorption is higher
than scattering. Therefore as explained in Section 5.2, over midlati-
tudes where the surface is radiatively cold, the presence of clouds at
low altitudes leads to an increase in Tb due to cloud emission. Over
the tropics, the surface is radiatively warm, therefore the interaction
of the radiation with the cloud is mostly through extinction which de-
creases the Tb in the presence of clouds. Furthermore, if the clouds are
at higher altitudes in the atmosphere the emission contribution is low
as the cloud is emitting at a colder temperature. Thus the strength
of the cloud signal depends on the cloud altitude as was discussed in
Section 5.2.

Table 5.4: iwp and the ∆Tb in the presence of ice clouds at all frequencies
for profiles A, B, and C. ∆Tb is positive for a Tb enhancement and negative
for a Tb depression.

Profile iwp ∆T 89
b ∆T 150

b ∆T 184
b ∆T 186

b ∆T 190
b

[kg m−2] [K] [K] [K] [K] [K]

A 0.98 0.15 −3.40 −0.44 −1.96 −5.08

B 0.87 0.58 −1.52 −0.31 −1.28 −3.56

C 0.35 0.09 −1.18 −1.11 −2.25 −3.33

It is interesting to extract some profiles which would help to un-
derstand this point. For example, consider the iwp to the west of the
point marked A (latitude = 24◦, longitude = 217.5◦) and to the north
of the point marked B (latitude = 24◦, longitude = 217.5◦) in the plot
of iwp in Figure 5.28 and in the difference plot in Figure 5.29. These
points will be referred to as A and B in the future discussions. Both
of these points are associated with high iwp. Table 5.4 shows the iwp
and the Tb depressions at these points. At point A, the iwp is slightly
higher, about 0.98 kg m−2, compared to the point B, where the iwp is
about 0.87 kg m−2. Still point B has a higher Tb enhancement, about
0.6 K compared to point A, which has a Tb enhancement of about
0.15 K. This can be explained by looking at the ice mass content pro-
files at A and B shown in Figure 5.30. At A, the cloud is at a higher
altitude with its peak at about 5–7 km compared to the cloud at B
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Figure 5.29: The difference between the brightness temperature simulated
under clear sky condition and in the presence of ice clouds (T ice-cloud

b −
T clear

b ) at 89 GHz (top left), 150 GHz (top right), 184 GHz (bottom left),
and 190 GHz (bottom right).

which has a peak at about 3–5 km. Therefore, the lower cloud, which
emits at a higher temperature has a higher Tb enhancement compared
to a higher cloud emitting at a lower temperature.

For the higher frequencies, the presence of ice clouds decreases the
Tb compared to the clear sky case. This is consistent with the re-
sults presented in Section 5.2. Because at these frequencies, scattering
dominates extinction, all regions of higher iwp are associated with
higher Tb depressions. For 150 GHz, there is a slight Tb enhancement
due to clouds over cold dry regions of Greenland due to cloud emis-
sion. Among the frequencies 184, 186, and 190 GHz, 190 GHz has the
highest Tb depression and 184 GHz has the lowest. This is because
184 GHz is sensitive mostly to high clouds whereas 190 GHz is sensi-
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Figure 5.30: The ice mass content profile at the selected points A, B and C.

tive to clouds that are at the lower layers of the atmosphere. This is
also consistent with the results presented in Section 5.2. From the pre-
vious example where the cloud at A was at a higher altitude compared
to the cloud at B, it can be seen that the Tb depression for 184 GHz
for clouds at A and B are 0.44 and 0.31 K, respectively. For 190 GHz,
the depressions are 5.08 and 3.56 K respectively. A more convincing
example can be provided by examining the profile corresponding to
the point east of C (latitude = −28.5◦, longitude = 115.5◦) in Fig-
ure 5.29 over the border of Australia. This point has a much lower iwp
of about 0.35 kg m−2 compared to point B. It can be seen that this
cloud is at a higher altitude than cloud B, therefore the Tb depressions
are also very high, about 1.18 K for 184 GHz and 3.3 K for 190 GHz.

Figure 5.31 shows the Tb difference (T cloud
b − T clear

b ) as a function
of iwp. The light grey symbols represent the Tb difference when the
effective radius of the cloud particle size distribution is 50 µm and
the darker symbols when the effective radius is 100 µm. The Tb de-
pression is larger for larger particle size, which is consistent with the
results presented in the Section 5.2.2 of this chapter. As mentioned
in Section 5.2.2, when the particle size is increased, the ice mass con-
tent is kept constant which implies that the particle number density
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Figure 5.31: The dependence of ∆Tb on iwp at the frequencies 89, 150, 184,
186 and 190 GHz. The light grey and black symbols correspond to parti-
cles following a gamma distribution of effective radius 50 µm and 100 µm
respectively.
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is larger for small particles compared to large particles. But as can be
seen from Figure 5.8, the scattering coefficient which is the product of
the particle number density and scattering cross-section, is higher for
larger particles. The particle size effect is high for higher iwp. This
is clear from the results at 190 GHz which has the highest sensitiv-
ity to clouds. At 184 and 186 GHz, this relationship cannot be seen
very clearly as the iwp is not a good representation to study their
sensitivity to clouds. The sensitivity at these frequencies depend on
the vertical profile of the cloud, and the Tb depression can be very
different even for the same iwp. At high iwp values, the difference
in the Tb depression at these frequencies between those having less
effect from clouds and those having more effect from clouds increases.
For this reason there is a wider spread in the Tb depression at high
iwp. This is seen more clearly for simulations having a larger particle
effective radius.

Liquid clouds

The effect of liquid clouds is much different from that of ice clouds.
They are normally at lower altitudes and their interaction with radi-
ation is mostly by absorption rather than scattering. In this particu-
lar case, over many regions liquid water clouds are stronger than ice
clouds.

Table 5.5: Surface temperature, lwp and the ∆Tb in the presence of liquid
clouds at all frequencies for profiles A, B, D, E, F,and G. ∆Tb is positive
for a Tb enhancement and negative for a Tb depression.

Profile Ts lwp ∆T 89
b ∆T 150

b ∆T 184
b ∆T 186

b ∆T 190
b

A 293 1.15 19.50 −8.99 −0.02 −0.77 −5.14

B 280 1.22 39.28 9.59 −0.02 −0.58 −3.48

D 287 0.71 47.27 14.90 −0.01 −0.32 −2.57

E 300 1.32 14.84 −10.10 0 −0.28 −2.98

F 300 0.24 24.36 3.50 −1.95 −4.65 −7.82

G 270 0.07 19.90 23.90 −0.02 0.20 5.82

For 89 GHz, it can be seen from Figure 5.32 that the effect of liquid
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Figure 5.32: The difference between the brightness temperature simulated
under clear sky condition and in the presence of liquid clouds (T liquid-cloud

b −
T clear

b ) at 89 GHz (top left), 150 GHz (top right), 184 GHz (bottom left), and
190 GHz (bottom right).

clouds is to increase the Tb over all regions. The maximum increase is
about 60 K. It has to be noted that though the lwps are very strong
in some regions close to the equator, the effect of clouds is not so high
there. Over the midlatitudes, even for clouds that are not very strong,
there is a very high Tb enhancement. The main reason is that in the
midlatitudes the surface is comparatively colder than in the tropics
which makes emission more dominant. As in the case of ice clouds,
it can be understood more easily if one can compare the effects by
looking at the liquid water content profiles. Table 5.5 shows the lwp,
surface temperature and the Tb depressions for the selected profiles
and the points are marked in Figures 5.28 and 5.32. In addition to the
ice mass content, profiles of water vapor and temperature correspond-
ing to the selected points are also shown in Figure 5.33. The liquid
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Figure 5.33: The left panels show the profiles corresponding to points A, B,
and D and the right shows profiles corresponding to points E,F, and G. The
top panel shows the lwc profiles, the middle panel shows the temperature
profiles and the bottom panel shows the H2O vmr profiles.
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water content at points A and B shows that the cloud is at a higher
altitude at A, compared to B. This means A is emitting at a colder
temperature and B at a warmer temperature, thus B has higher bright-
ness temperature enhancement. Moreover, the temperature profile also
shows that the surface temperature at B is much lower which makes
the emission more dominant. This is the same reason why 150 GHz,
which has more surface effects over the midlatitudes, shows brightness
temperature enhancement for point B whereas it shows a brightness
temperature depression for point A. The only region over the tropics,
where there is a very high Tb enhancement due to liquid clouds is over
the Andes mountains. The profiles corresponding to one grid point
in this region, denoted by D (latitude = −15◦, longitude = 292◦), is
displayed in the left panel of Figure 5.33. Though these clouds are
almost at the same altitude as clouds corresponding to point A, they
are emitting at warmer temperatures as can be seen from the tem-
perature profile. But what is more important for this point is that
at this point the surface is elevated and hence the surface effects are
more important. As the surface is colder the liquid water absorption
against the cold background enhances the Tb.

Among the higher frequencies, 150 GHz has mostly brightness tem-
perature depressions in the tropics and Tb enhancements in the midlat-
itudes. The maximum enhancement is about 40 K and the maximum
depression is about 15 K. For 184 and 186 GHz there are only Tb de-
pressions and for 190 GHz, there are Tb depressions for the tropics and
midlatitudes and slight enhancements at high latitudes. Among the
three frequencies, 190 GHz has the largest Tb depression and 184 GHz
has the smallest Tb depression. This is because 184 GHz is not sensitive
to the liquid clouds that are at the lower layers of the atmosphere. For
example, among the clouds at A and B, 184 GHz shows a very small
cloud effect, equally for both points as both clouds are not sensed at
this frequency. But, 190 GHz shows higher Tb depression at A, because
the cloud is at a higher altitude here than at B and is better sensed
at this frequency. Though cloud D is almost at the same altitude as
A, the ∆Tb is lower than at A. One reason is obvious, the lwp at A is
about 1.15 kg m−2 and at D is about 0.71 kg m−2. But there could be
another reason for this as can be seen by comparing the water vapor
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volume mixing ratio at these points in Figure 5.33. The presence of a
larger amount of water vapor over D could also explain the low value
of Tb depression for this cloud.

Some isolated points which showed some peculiar behavior were also
examined individually for a better understanding. One such point is
to the west of E (latitude = −15◦, longitude = 124.5◦) marked in
Figure 5.33. At this point, referred to as point E, over the northwest
coast of Australia, though it has the same lwp as cloud B and the
cloud is almost at the same altitude, the Tb enhancement is very small
for 89 GHz and Tb depressions are smaller for the higher water vapor
frequencies compared to B. This is also because the surface is radia-
tively much warmer at E compared to B, which leads to less relative
contribution by cloud emission. The low Tb depression at water vapor
frequencies is due to the presence of more water vapor above the cloud
altitude unlike point B, which was drier.

Another very interesting behavior is shown by the point situated
to the west of F (latitude = 15◦, longitude = 291◦) in Figures 5.28
and 5.33. It can be seen that this point has a very low lwp of about
0.24 kg m−2. But the brightness temperature depression exhibited by
this point is the largest among the individual profiles discussed here
so far. Even 184 GHz shows a Tb depression close to 2 K. A close look
at the liquid water content profile in the top right panel of Figure 5.33
shows that the altitude of maximum liquid water content is the highest
among all the clouds considered here. Furthermore, the water vapor
vmr profile shows that it also corresponds to a very dry scenario. This
makes the effect of clouds stronger.

A similarly interesting case is the one corresponding to the north
of G (latitude = 49.5◦, longitude = 67.5◦). This has the lowest lwp
among all the cases considered here, only about 0.07 kg m−2. But the
Tb depression for 184 GHz is higher than profile D which has a lwp
of about 0.71 kg m−2. This can be clear from the vmr profile, which
shows that the presence of water vapor above the cloud is very small.
This increases the sensitivity of the cloud. Since the vmr profile is
very dry and the cloud is at a very low altitude 190 GHz shows a
Tb enhancement due to cloud emission. Both 89 and 150 GHz also
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show Tb enhancement because the absorption of liquid clouds against
a radiometrically cold surface background leads to cloud emission.

5.4.4 Conclusions

The climatological profiles of temperature and humidity and the cloud
scenarios used in Sections 5.2 and 5.3 are very useful to understand the
sensitivity to cloud parameters. The limitation of the analysis is that
it is not a realistic representation of the actual scenario. Therefore
Section 5.4 presented the effects of clouds for the same frequencies
using the fields taken from the era-40 data. The sensitivity study
helped in a better interpretation of the analysis using the era-40
data. Though the domain of the scenario is bigger, the results are
consistent with those obtained in Sections 5.2 and 5.3. It is shown that
in general the cloud signal which is obtained by taking the difference
between the simulated clear sky Tb and cloudy Tb follows the global
distribution of iwp or lwp. For some scenarios, a larger iwp or lwp
did not result in a bigger cloud signal for a particular frequency. The
profiles corresponding to such scenarios were extracted and studied
individually. The knowledge gained from the sensitivity study was
helpful in explaining this behavior. In general, for ice clouds 89 GHz
has the least effect. Over tropics, there is a Tb depression and over
high latitudes a Tb enhancement is observed at this frequency. The
largest effect from clouds is shown for 190 GHz, which has a maximum
depression of about 6 K when the particle effective radius is 50 µm. At
this frequency, when the particle effective radius is doubled, the Tb

depression is about 80 K. For liquid clouds, the maximum effect is for
89 GHz which shows a Tb enhancement of about 60 K for the maximum
lwp and the minimum effect is shown for 184 GHz as the clouds are
much below the sensing altitude of this frequency.





6 A comparison case study with a
mesoscale weather prediction
model and AMSU-B radiances

The reliability of any radiative transfer model is achieved only by
the validation of its results. The radiative transfer model can be val-
idated in two ways. One way is to compare the simulation results
to the results of other radiative transfer models. In this case, both
models are to be fed with the same input parameters. This way of
comparing the results of two models developed independently can be
helpful in comparing features of the rt model like the advantages
of a particular solution method, numerical instabilities due to inter-
polations and discretizations, the speed and the accuracy. Since rt
calculations involve several input parameters, model comparisons can
help to identify those which are major contributors to the total er-
ror, thus bringing out systematic biases due to a particular parameter
used in the rt model. For example, the two models can use different
trace gas absorption background which can contribute to a larger bias
than the scattering calculation. Such information can be useful while
interpreting the final outcome for which the rt model is used, like in
the retrieval. A comparison of the clear sky version of arts was done
with other models that are primarily used for microwave retrievals
(Melsheimer et al., 2004).

The scattering version of the arts model was also compared to
other scattering algorithms. The first of these comparisons was to the
two-dimensional forward model fm2d developed at ral (Rutherford
Appleton Laboratory). The fm2d model is a pseudo spherical model,
implying that it assumes a spherical earth geometry except that it
solves the scattering integral in a plane-parallel geometry. The phase

153
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functions were approximated using the Heyney-Greenstein asymmetry
parameter and the Rayleigh fraction. The results for a limb-viewing
instrument showed that when the cloud is very thick or when the
forward scattering is strongly peaked, the discrepancy between the
models increases. This is because the plane parallel geometry cannot
model the near-limb incident radiation (Kerridge et al., 2004). An-
other comparison of the arts–doit multiple scattering algorithm was
with the kopra (Karlsruhe Optimized and Precise Radiative Transfer
Algorithm) model, which includes a single scattering approach. This
comparison which was done in the infra-red frequency range helped to
identify the range of validity of the single scattering approach (Höpfner
and Emde, 2005). A third comparison was done between the two scat-
tering algorithms implemented within the arts, the arts–doit and
the arts–mc. Here, in addition to the first component of the Stokes
vector, the second component, Q was also compared for a 3-D atmo-
sphere (Emde, 2005). The maximum difference for I at a frequency
of 230 GHz is about 4 K and for Q is about 2 K. The discrepancy is
attributed mainly to the numerical approaches in both the models.
For the Monte-Carlo model, the accuracy is restricted by the number
of photons and for the doit model, the grid discretization.

Though comparison with other models is useful for identifying pos-
sible problems related to the specific features of the rt model, a
real validation implies comparison with observations. Satellite mea-
sured radiances can be compared to the model simulated radiances.
A comparison of this kind was done with the clear sky version of
arts (Buehler et al., 2004). In Buehler et al. (2004), the profiles of
temperature, humidity and altitude taken from the radiosonde mea-
surements at the Lindenberg observatory (52◦22′ N, 14◦12′ E) served
as input to arts simulations. The simulation results were compared
to collocated amsu-b radiances. A cloud filter was used to remove
cloud-affected pixels. A similar method can be used for the simula-
tion including clouds. But as we saw in Chapter 5 the Tb of different
amsu-b channels depends on the properties of the clouds like ice water
content, particle size, shape and orientation, and the cloud altitude.
This information cannot be obtained from radiosonde measurements.
There are only a limited number of in-situ observations of cloud mi-
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crophysics that are coincident with the amsu-b observations. In this
situation, only models can provide cloud and atmospheric data that
can be used for simulating Tb which can then be compared to the
satellite data. It was mentioned in Chapter 2, that the ecmwf Re-
Analysis data gives global information on cloud water content. The
profiles of cloud water content contain the information on cloud height
also. However, it has to be kept in mind that this model cannot be
used for comparison with the satellite observation as the resolution of
the model has to match with the resolution of the instrument. As men-
tioned in Chapter 2, the horizontal resolution of the era-40 data is
about 120 km and is very coarse compared to the horizontal resolution
of microwave instruments. The resolution of the ecmwf operational
model data is slightly better, about 40 km. Therefore, for this study,
it was decided to use the fields from the uk Mesoscale model as input
to arts simulations. The model has a horizontal resolution compara-
ble to amsu-b observations. Though the model gives information on
cloud water content and location, it is limited with respect to other
cloud microphysical properties like the particle size, the shape and the
orientation distributions.

Section 6.1 explains the mesoscale model, ukmes, Section 6.2 intro-
duces the amsu-b instrument, Section 6.3 explains the methodology
of the comparison, Section 6.4 discusses the comparison to amsu in
detail, Section 6.5 discusses the comparison with rttovscatt (Bauer,
2002) in brief, and Section 6.6 arrives at conclusions.

6.1 UK Met Office mesoscale model
The uk Met Office runs an operational mesoscale model, which assim-
ilates data from radiosonde, aircraft and surface stations. Compared
to the global model of the uk Met Office, the mesoscale model pro-
vides additional mesoscale details of clouds, precipitation, wind, and
temperature over the uk. The global model is used to provide the
boundary conditions. Observations of surface pressure, screen level
temperature and relative humidity, wind at 10m, and radiosonde tem-
perature, relative humidity and winds are assimilated into the model
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using a process known as analysis correction scheme (Lorenc et al.,
1991). Surface observations, Radar data and infra-red satellite imagery
are used to provide a 3-dimensional cloud analysis in a Moisture Ob-
servation Pre-processing System (mops). The model has a horizontal
grid spacing of 0.11◦ corresponding to approximately 11 km and there
are 38 vertical levels.

Of the outputs of the mesoscale model, the ones that are of interest
in this study are pressure, temperature, relative humidity, cloud ice
content and liquid content. The model output does not contain infor-
mation on the size distribution of the cloud particles nor their shape
or orientation.

6.2 AMSU-B Instrument
A major step forward in the temperature and the humidity sounding of
the atmosphere from space is the introduction of microwave radiome-
ters. Compared to infra-red sounders, they are less affected by cloud
cover. This improves the accuracy and coverage of the retrieval of
temperature and humidity. The Advanced Microwave Sounding Unit
(amsu) has been developed as part of the Advanced tiros Operational
Vertical Sounder (atovs) to fly on the noaa polar orbiting satellite
series. The first of these, noaa-15 was launched on 13th May, 1998
and is still used operationally. noaa-16 and noaa-17 were launched on
September 21, 2000 and June 24, 2002, respectively. noaa-n(noaa-18
when in orbit) is scheduled to launch on February 11, 2005 (Goodrum
et al., 2000). noaa-15, 16, and 17 together provide six observations
per day for any location on the earth.

amsu consists of two instruments, amsu-a and amsu-b. amsu-a
is a multi-channel microwave radiometer that is used for measuring
global atmospheric temperature profiles. The study presented here
is related only to amsu-b, therefore the details of amsu-a are not
discussed further.

amsu-b is a five-channel total power microwave radiometer with
two double side band channels nominally centered at 89 GHz and
150 GHz, designated as channels 16 and 17, respectively. The other
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Figure 6.1: Atmospheric zenith opacity for the FASCOD midlatitude sum-
mer scenario for H2O (dashed), O2 (dotted), N2 (dash dotted), and O3

(solid). The long dashed line represents the total opacity. Shaded regions
represent the pass-band positions of amsu-b channels. The channel num-
bers are printed near the pass-bands. Figure adapted from John and Buehler
(2004).

three are located near the 183.31 GHz water vapor line. These are
double sideband channels with centers located at 183.31± 1, ±3, and
±7 GHz. These are designated as channels 18, 19, and 20, respectively
(Saunders et al., 1995). Figure 6.1 shows the atmospheric zenith opac-
ity calculated considering H2O, O2, N2, and O3 based on the fascod
midlatitude atmospheric scenario. The vertical light grey bands indi-
cate the pass-band positions of the five amsu-b channels. The water
vapor Jacobian for the channels were presented in Figures 5.2 and 5.3.

amsu-b has a field of view of 1.1◦, and once every 8/3 seconds it
measures 90 Earth views, four space views and four internal blackbody
target views. The earth viewing angles range from −48.95◦ to +48.95◦

about nadir and the sampling distance is 1.10◦giving a total of 90
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Earth view samples. The satellite viewing angles for the innermost
scan positions are ±0.55◦ from nadir, and the viewing angles for the
outermost scan positions are ±48.95◦ from nadir. The footprint size
is 20× 16 km2 for the innermost scan positions, but increases to 64×
27 km2 for the outermost scan positions.

The vertically and the horizontally polarized radiation cannot be
separated in the case of amsu-b. The total radiation as seen by the
instrument, Imix, is given by

Imix = 2(Iv sin2 θp + Ih cos2 θp), (6.1)

where Iv and Ih are the vertical and the horizontal polarization com-
ponents of the radiation. The polarization angle θp, is the angle be-
tween the propagation of the electric field vector and the satellite
velocity vector and is given by, θp = 90◦ − θN , where θN is the nadir
angle (Goodrum et al., 2000). Note that in techincal papers about
amsu-b you often find this equation without the factor 2. This is be-
cause, there a different definition of Iv and Ih is used. They are defined
in such a way that Iv and Ih expressed in brightness temperature cor-
respond to the physical temperature of a blackbody target. At nadir,
θp is 90◦ and amsu-b is only sensitive to vertical polarization which
is the polarization component when the electric field vector is perpen-
dicular to the direction of satellite motion. The ratio of the horizontal
to the vertical polarization increases as the zenith angle θ moves away
from nadir (Saunders et al., 1995).

6.3 Methodology
For the comparison, a frontal system over uk on 25 January 2002 was
chosen as a case study. The avhrr infrared image for the same date
over the region of interest at 1332 ut is shown in Figure 6.2. This
particular day was marked by heavy cloud cover and rainfall over
northwest Europe and across the Atlantic as is seen from the figure.

The input fields required for arts simulations are taken from the
ukmes model, corresponding to its T+4 forecast field from the 0900
ut run. The mesoscale model output is projected on to the amsu-b
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Figure 6.2: avhrr infrared image over the northwest Europe and the At-
lantic for 25 January 2002 at 1330 ut.

grid. Corresponding to each grid point, profiles of temperature, hu-
midity, ice water content, liquid water content are given. The iwp and
the lwp predicted by the mesoscale model are shown in Figure 6.3.

Towards realizing a realistic simulation of the brightness temper-
ature by the radiative transfer model, a series of iterations were re-
quired. Each iteration led to a better treatment of cloud parameters
thereby making the simulation more close to the observation and de-
creasing the number of free parameters. The following gives a list of
the simulations done:

1. In addition to the temperature and humidity fields, only informa-
tion on the ice water content was available. Since the model did
not give information on the particle size and shape, spherical par-
ticles following a gamma distribution having an effective radius of
100 µm was assumed. The same size distribution was assumed at
all vertical levels. Since channels 16 and 17 are surface sensitive,
surface emissivity is an important parameter to be taken into ac-
count for the simulation. For the first set of simulations, the surface
emissivity was assumed to be 0.6 over ocean, and 0.95 over land.
The surface temperature was set to the temperature of the lowest
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Figure 6.3: The top panel shows the iwp and the bottom panel shows the
lwp over the region.

level of each profile. The topographic height was also obtained from
the mesoscale model. The gaseous absorption is calculated exactly
as mentioned in Section 5.1.

2. In the second set of simulations, the information on liquid water
content is also included. Here also, since the mesoscale model does
not give information on the size distribution and shape of the par-
ticle, spherical particles following a gamma distribution having an
effective radius of 15 µm were assumed throughout the vertical. All
the other parameters remained exactly as in step 1. The results cor-
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responding to these two sets of simulations and the comparison to
the observation is presented in subsections 6.4.1–6.4.3.

3. In the third set of simulations, a more realistic assumption on the
size distribution of the ice particle was used for simulating the
brightness temperature. In this way, the particle size distribution is
not any longer treated as a free parameter, but is rather obtained
as a function of temperature and ice water content. The particle
size distribution was parameterized according to McFarquhar and
Heymsfield (1997) which is presented in subsection 6.4.4.

4. In the fourth set of simulations, the emissivity over ocean is not
treated as a constant, rather it is calculated using a surface emis-
sivity model fastem, implemented in arts (see subsection 4.4.1).
This model enables to calculate the surface emissivity over ocean
as a function of frequency, viewing angle, surface temperature and
surface wind fields. The results of this simulation and comparison
with observations for channels 16 and 17 are presented in subsection
6.4.5.

5. Finally, a simulation assuming non-spherical ice particles that are
horizontally aligned and azimuthally randomly oriented was per-
formed. This simulation was also done to understand the polariza-
tion signal due to this particle type. The results are presented in
subsection 6.4.6.
At each grid point, a one-dimensional radiative transfer calculation

is performed. The resulting brightness temperatures are compared to
the amsu-b observed brightness temperatures. The nearest overpass
over this area was at 13:30. Note that there is a time difference of
thirty minutes between the satellite overpass and the mesoscale model
forecast. The satellite zenith angle corresponding to each amsu-b pixel
is obtained along with the data, which is used for the simulation at
that grid point. The calculations are done only for one representative
frequency per channel. The cloudbox extended from the ground to
about 100 hPa because surface reflections had to be taken into account.

A clear sky simulation was also done using the same inputs. This
was achieved by switching off the cloud box in arts. In order to
assess the impact of clouds, the clear sky results are subtracted from
the simulation including clouds.
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6.4 Results of the Comparison
6.4.1 Channel 16

The results presented here are for channel 16 and correspond to the
steps 1 and 2 mentioned in Section 6.3. The top left panel of Figure 6.4
shows the brightness temperature measured by amsu-b channel 16.
This channel as mentioned earlier can see deep into the atmosphere
and is influenced by the surface. The high brightness temperature
over land and the rather cold brightness temperature over the oceans,
the Scandinavian region and the Alps can be seen clearly. This is
because land is radiometrically warm compared to the ocean and snow
covered regions due to the high emissivity over land. A belt of warm
brightness temperatures over the ocean extending from the northwest
of Spain up to the northwest of Ireland is exactly the same region
which shows the presence of clouds in the IR image of Figure 6.2. This
is also clear from the iwp and lwp distribution shown in Figure 6.3
obtained from the mesoscale model. Assuming that this effect can
result only from clouds, a clear sky radiative transfer model will not
be able to simulate these high brightness temperature values. This is
clear from the top right panel of Figure 6.4. The clear sky simulation
was done with arts using the setup mentioned in Section 6.3. The
result shows that the clear sky setup is not sufficient to simulate the
warm brightness temperature seen in the observation over the regions
associated with high iwp and lwp. There are some other discrepancies
also between the observation and the simulation. For example, the
colder brightness temperature over the Alps and over Norway, seen
in the observation is not seen in the simulation. They appear to be
warmer in the simulation. Since these regions are not severely affected
by the clouds, the reason for low Tbs could be due to the assumption of
surface emissivity values. Over land areas covered by snow the surface
emissivity at 89 GHz could be less than 0.95, the value assumed in the
simulation.

The middle left plot shows the simulations in the presence of ice
clouds. The presence of ice clouds does not change the brightness
temperature very much. In order to isolate the effect of clouds, the
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Figure 6.4: Comparison of results for channel 16: The top left plot shows
the amsu-b observation. The top right plot shows the clear sky simulation,
the middle left and middle right show simulations in the presence of only
ice clouds and ice and liquid clouds respectively. The bottom left and right
show the difference between clear sky and cloud simulations including only
ice, and both ice and liquid respectively.

difference between the Tb resulting from assuming clear sky conditions
and the Tb including the effect of clouds is calculated and is displayed
in the bottom left panel. This difference is indicative of the cloud sig-
nal. There is a slight increase in Tb over the cold ocean surface and a
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slight depression over the warm land surface. The maximum enhance-
ment and depression observed are both less than 4 K. The reason for
this behavior is explained in subsection 5.2.4 of Chapter 5. The reason
is that at low surface emissivity values, the surface appears radiomet-
rically colder than the atmosphere. Hence, low clouds emitting at a
higher temperature against the cold background increase the contribu-
tion to the emission term. This increases the brightness temperature
relative to the clear sky case. Over land, there is a Tb depression. The
results presented in Chapter 5 also showed that the presence of ice
clouds do not affect the Tb for channel 16 significantly.

In Section 5.3.1 of Chapter 5, it was shown that the presence of liq-
uid clouds can have a greater impact on the Tb of this channel. There-
fore simulations are performed including both ice and liquid clouds, as
explained in Section 6.3. The brightness temperature resulting from
this simulation is shown in the middle right panel of Figure 6.4. It can
be seen that the belt of warm Tb seen in the observation is correctly
reproduced in this simulation. The difference of this simulation with
the clear sky case is shown in the bottom right panel. The maximum
Tb enhancement is between about 55 and 60 K seen over the north of
Ireland which is also the region having the largest lwp. The enhance-
ment over land areas is smaller compared to that over the ocean. This
is in agreement with the results presented in Section 5.3 of Chapter 5.
The presence of absorbing liquid clouds over a radiometrically cold
surface background increases the Tb compared to the clear sky. When
the surface is radiometrically warm, the enhancement decreases which
is clear from the differences one observes over land areas which has
the same lwp. Channel 16 Tbs are affected more by liquid clouds than
ice clouds. This is also clear from the analysis presented in Chapter 5
for ice and liquid clouds.

Figure 6.5 shows a scatter plot of amsu Tb against arts Tb. The
dark symbols denote Tbs in the presence of only ice particles and the
light grey symbols denote the Tbs in the presence of ice and liquid
clouds. The figure shows that many of the outliers in the simulation
with only ice clouds are not present when liquid clouds are also in-
cluded. At some points arts has higher Tbs compared to amsu-b
observations due to the assumption of surface emissivity values. An-
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Figure 6.5: A scatter plot of amsu Tb and arts Tb for channel 16. The dark
symbols denote simulation including only ice clouds and the light symbols
denote simulation including liquid and ice clouds.

other obvious reason is that the particle microphysical properties like
the shape, the size distribution and the orientation of the ice and
liquid particles assumed for the simulation can be different from the
real cloud scenario. It has also to be kept in mind that the mesoscale
model derived profiles related to atmospheric and cloud parameters
can also be different from the real scenario.

6.4.2 Channel 17

The results presented here are for channel 17 and correspond to the
steps 1 and 2 mentioned in Section 6.3. The top left panel of Figure 6.6
shows the amsu Tb corresponding to channel 17. The top right panel
shows the results of the clear sky simulation, the middle left and the
middle right show the results of the simulations including only ice par-
ticles, and both ice and liquid particles respectively. The bottom left
panel shows the difference between the clear sky simulation and the
simulations including only ice particles, and the bottom right panel
shows the difference between the clear sky simulation and the simu-
lation including both ice and liquid particles. Similar to Channel 16,
channel 17 also can see down to the surface. The cold Tbs over Nor-
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way and the Alps seen in the observation is not seen in the simulation
because of the high value of surface emissivity used.
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Figure 6.6: Comparison results for channel 17: The top left panel shows the
amsu-b observation. The top right panel shows the clear sky simulation,
the middle left and middle right show simulations in the presence of only
ice clouds and ice and liquid clouds respectively. The bottom left and right
show the difference between clear sky and cloud simulations including only
ice, and both ice and liquid respectively.

Very cold Tbs in the observations, especially those seen over the
region between uk and Ireland, are not present in the simulation in-
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cluding clouds. Though the presence of ice clouds decreases the Tb in
this region, it is not sufficient to be comparable to the observation.
The iwp from the mesoscale model also does not show a very high
value here. Another region where there is a discrepancy between the
arts simulations and the observation is over the north-east coast of
uk. This region has the highest Tb depression due to ice clouds in
the simulation, up to about 20 K. The mesoscale model also shows
the maximum iwp over this region. But in the observation the region
has comparatively higher Tb. A closer examination shows that to the
west of this region, there is a region of cold Tb in the observation,
which is not present in the simulation and is not associated with a
high value of iwp in the mesoscale model. This suggests some pos-
sible shifts in the mesoscale model forecast fields. Similar to channel
16, the warm belt seen over ocean extending from the Northwest of
Spain up to the Northwest of Ireland is dominantly seen in the simu-
lation including liquid clouds. Also, the warm Tb above 60◦ N in the
observation is present only when the liquid clouds are included in the
simulation. This is clear from the bottom panels of Figure 6.6 showing
the difference with the clear sky simulation.

From the difference plots in the bottom panel, it can also be seen
that over some regions, the presence of liquid clouds decrease the de-
pression due to ice clouds. For example, over regions to the northwest
of Ireland, which show Tb depressions in the simulation including only
ice clouds, have turned into regions of Tb enhancement when liquid
clouds are included. This is because of the presence of liquid clouds
below the ice clouds which emit at a higher temperature, thus increas-
ing the Tb. Though the presence of ice clouds above decrease the Tb,
it is not sufficient to decrease it below the clear sky value. This can be
seen clearly by comparison to a simulation that includes only liquid
clouds. Figure 6.7 shows the difference between Tbs resulting from the
clear sky simulation and the simulation including only liquid clouds.
In the region mentioned here, i.e., over regions to the northwest of Ire-
land, the Tb enhancement due to liquid clouds as shown in Figure 6.7
is reduced due to the presence of ice clouds above as shown in the
bottom right panel of Figure 6.6. Another example is seen to the west
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of England, a region of Tb enhancement due to liquid clouds, which
has turned into a region of Tb depression due to ice clouds.
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Figure 6.7: Difference in Tb between clear sky simulation and the simulation
including only liquid clouds for channel 17.

Figure 6.8: A scatter plot of amsu Tb and arts Tb for channel 17. The
dark symbols denote the simulation including only ice clouds and the light
symbols denote the simulation including liquid and ice clouds.

Figure 6.8 shows the scatter plot of amsu observed Tb against the
arts Tb for channel 17. The dark symbols denote Tbs resulting from
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the simulation including only ice clouds and the light grey symbols de-
note Tbs obtained from a simulation including liquid and ice clouds.
Like in the case of channel 16, it is clear that the addition of liquid
clouds helps to bring the simulation closer to the observation, though
there are still many other sources that need to be addressed which
contribute to the discrepancy between the observation and the simu-
lation, like the surface emissivity.

6.4.3 Channels 18, 19 and 20

The results presented here are for channel 18, 19, and 20 and cor-
respond to the steps 1 and 2 mentioned in Section 6.3. The top left
panel of Figure 6.9 shows the channel 18 Tb observed by the amsu-b
instrument. The top right panel shows the results of the clear sky sim-
ulation, the middle left and middle right shows the results of the sim-
ulations including only ice particles, and both ice and liquid particles
respectively. The bottom left panel shows the difference between the
clear sky simulation and the simulations including only ice particles,
and the bottom right panel shows the difference between the clear sky
simulation and the simulations including both ice and liquid particles.
Figures 6.10 and 6.11 show the corresponding results for channel 19
and 20. For all three channels, the simulations in the presence of clouds
match well with the observations over the whole region. It seems that
regions of cold Tb are shifted slightly northward in the observation
compared to the simulation. For example, the cold Tbs seen at the
southwest tip of England seen in the simulations are not present in
the observation. But, slightly northwards, there is a region of cold Tb.
This can be due to the 30 minutes difference between the observation
and the mesoscale forecast time. Similarly the cold Tbs present over
the northern parts of Germany are also not present in the observation
suggesting that the system has already moved northward or westward.
The magnitude of the Tb depressions seen in the simulation is closely
associated with the values of the iwp from the mesoscale model. The
maximum depression for channel 18 in the simulation is seen off the
east coast of Northern England. Looking at the observation, it can be
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Figure 6.9: Comparison results for channel 18: The top left panel shows the
amsu-b observation. The top right panel shows the clear sky simulation,
the middle left and middle right show simulations in the presence of only
ice clouds and ice and liquid clouds respectively. The bottom left and right
show the difference between clear sky and cloud simulations including only
ice, and both ice and liquid respectively.

seen that such cold Tbs are not seen in the observation which suggest
that the simulations overestimate the Tb depression. This is either be-
cause the mesoscale model overestimates the ice concentration over
that region or the assumption related to particle size distribution or
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Figure 6.10: Comparison results for channel 19: The top left panel shows
the amsu-b observation. The top right panel shows the clear sky simulation,
the middle left and middle right show simulations in the presence of only
ice clouds and ice and liquid clouds respectively. The bottom left and right
show the difference between clear sky and cloud simulations including only
ice, and both ice and liquid respectively.

shape of the particles is not corresponding to the real scenario. This
is the same for channel 19 and 20.

From the calculations presented in Chapter 5, it was clear that
among channels 18, 19, and 20, channel 18 has the minimum influ-
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Figure 6.11: Comparison results for channel 20: The top left panel shows
the amsu-b observation. The top right panel shows the clear sky simulation,
the middle left and middle right show simulations in the presence of only
ice clouds and ice and liquid clouds respectively. The bottom left and right
show the difference between clear sky and cloud simulations including only
ice, and both ice and liquid respectively.

ence from clouds, and channel 20 has the maximum influence from
clouds. From the difference plots in the bottom panel it can be seen
that for channel 18, the maximum depression is about 7 K. Channel
19, which is sensitive to comparatively lower altitudes, has a maxi-
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mum depression of about 17 K, and channel 20, which is the channel
most sensitive to clouds, has a Tb depression of about 33 K. These
differences can be seen qualitatively by comparing the observation to
the clear sky simulation and to the simulation including clouds. This
confirms that the rt model correctly takes into account the cloud ef-
fects. For example, for channel 20, from Figure 6.11, the very cold Tbs
over north Atlantic in the observation is not seen in the clear sky sim-
ulation whereas it is correctly represented when the effect of clouds
are included. This can also be seen in the scatter plot shown in Fig-
ure 6.12. The Tb corresponding to the clear sky simulation is shown
by dark symbols and the Tb corresponding to the simulation in the
presence of clouds is shown by the light grey symbols. It can be seen
that the clear sky Tbs are comparatively warmer than the observed
Tbs. The inclusion of clouds tends to bring the points more towards
the diagonal, thus reducing the difference between the observation and
the simulation.

For channel 20, similar to channels 16 and 17, over Norway, the
observation appears to be much colder than the simulation. This is
due to the problem of emissivity values assumed in the simulation as
this channel can see the lower atmosphere in very dry conditions. The
assumption of 0.95 used over this region makes the Tbs warm whereas
in reality they have lower Tbs due to low surface emissivities. This
discrepancy is not present for channels 18 and 19 since they are not
sensitive to the surface.

For these three channels, the effect of liquid clouds is also to decrease
the Tb with respect to the clear sky case. Channel 18 is not sensitive
to liquid clouds because the liquid water clouds are located below its
Jacobian peak. The maximum depression due only to liquid clouds is
less than 1 K and is seen only over a very small region over the cold
northern high latitudes. Figure 6.13 shows the Tb difference due only
to liquid clouds for channels 19 and 20. The figure shows that for these
channels also, the impact of liquid clouds on the Tb is very small, the
maximum depression is about 4 K for channel 19 and about 10 K for
channel 20. For channel 20 when the atmosphere is very dry, the cold
surface background can lead to cloud emission, thus increasing the Tb

slightly compared to the clear sky case.
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Figure 6.12: The scatter plot of amsu-b channel 20 Tb v/s the arts simu-
lated Tb. The dark symbols denote the clear sky simulation and the light
symbols denote the simulations in the presence of clouds.
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Figure 6.13: The left panel shows the effect of liquid clouds on channel 19
and the right panel shows the effect on channel 20.

6.4.4 Impact of size distribution

The results presented here correspond to step 3 mentioned in Sec-
tion 6.3. It was demonstrated in Chapter 5.2 that the size distribution
of ice particles is an important parameter that can significantly mod-
ify the upwelling microwave radiation. In Section 6.1 it was mentioned
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that the mesoscale model does not give any information on the size dis-
tribution of the cloud particles. This was the reason why a gamma dis-
tribution with an effective radius of 100 µm was chosen at all cloud lev-
els in the atmosphere. The particle number densities were calculated
according to Equation (5.3). The value of the effective radius was cho-
sen after trial and error in such a way that the simulation was not very
far from the observation. But this is not a good solution as the aim
of the exercise was the validation of the simulation results of the rt
model by comparing it to the observation. One solution to this prob-
lem is the parameterization of the size distribution from known quanti-
ties like the temperature or the iwc or both. One such size distribution
parameterization devised by McFarquhar and Heymsfield (1997) is im-
plemented in the pyarts package. pyarts is a python package, which
has been developed by C. Davis to complement arts and can be down-
loaded from http://www.sat.uni-bremen.de/arts/tools.php. In the pa-
rameterization proposed by McFarquhar and Heymsfield (1997), the
ice crystal size distribution for tropical cirrus is obtained as a function
of temperature and iwc based on observations of tropical cirrus dur-
ing the Central Equatorial Pacific Experiment (cepex). The number
distribution function is expressed as the sum of a first-order gamma
distribution describing ice crystals having mass equivalent sphere di-
ameter Dm < 100 µm and a log-normal distribution describing ice
crystals having Dm > 100 µm. More details on this size distribution,
hereafter referred to as mh size distribution, can be found in McFar-
quhar and Heymsfield (1997). The particle number densities and the
single scattering properties corresponding to mh size distribution is
generated using pyarts. These serve as input to the arts simulations.
The results of these simulations are compared to the results obtained
using the gamma size distribution with an effective radius of 100 µm.
The comparison results for only one frequency, namely 190 GHz, is
presented. This is the frequency that has the highest impact from
the ice clouds which means that the difference in Tb between the size
distributions is also the highest for this frequency.

Figure 6.14 shows the difference in Tb resulting from assuming the
mh distribution and the gamma distribution (Tmh

b − T gamma
b ). A pos-

itive difference indicates that the Tb when assuming the mh distribu-

http://www.sat.uni-bremen.de/arts/tools.php
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Figure 6.14: The figure shows the difference T mh
b − T gamma

b , where T mh
b and

T gamma
b are the brightness temperatures computed using a mh size distri-

bution and a gamma size distribution, respectively.

tion is greater than the Tb when assuming the gamma distribution.
This implies that the depression due to clouds is higher when assum-
ing the gamma distribution. Similarly, a negative Tb indicates that
the depression due to clouds is higher when assuming an mh distribu-
tion. The maximum positive difference is about 5 K and the maximum
negative difference is about 6 K. The positive differences are almost
everywhere less than 2 K, only for a very few pixels, the difference
is higher. The negative differences are also less than 3 K over most
of the regions. Examining this result together with the iwp distribu-
tion in Figure 6.3, it can be seen that positive differences occur over
regions of low iwp and negative differences occur over regions of com-
paratively higher iwp. This correlation with iwc is obvious because
the mh distribution is closely related to iwc. Figure 6.15 shows two
typical iwc profiles, the solid one corresponds to the grid point with
the maximum positive difference and the dashed line corresponds to
the grid point with the maximum negative difference. The iwc for the
one with the maximum negative difference is very large compared to
the one with the maximum positive difference. The result presented
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in Figure 6.14 suggests that over regions where the iwc is very high,
the radiative effect of a gamma distribution with an effective radius
100 µm is small compared to the mh distribution. In order to verify
this, at the grid point with the maximum negative difference, the to-
tal extinction coefficient due to ice particles for both size distributions
were calculated at one vertical level, close to 5 km. The extinction co-
efficient calculated according to the Equation (4.10) is larger for the
mh distribution compared to the gamma distribution (1.6955e-4 for
mh and 0.1146e-4 for gamma). On the other hand, at the grid point
with the maximum positive difference, the total extinction coefficient
is smaller for the mh distribution (0.1330e-4 for gamma and 5.1315e-6
for mh) compared to the gamma distribution which explains why the
gamma distribution has a higher depression.
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Figure 6.15: The solid line and the dashed line shows the iwc profiles cor-
responding to the grid point with the maximum positive difference and the
grid point with the maximum negative difference respectively.

Though the assumption of a gamma distribution with 100 µm was
obtained because it yielded the best match with the observation, the
results presented here suggest that the deviation it has from a real-
istic size distribution is very small. Therefore the results presented
in the previous section still remain valid and is a proof of the abil-
ity of the rt model to capture the cloud signal. Nevertheless, cloud
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size parameterizations are very important for a better interpretation
of the satellite data affected by clouds. The parameterization chosen
here is one that is developed specifically for the tropical cirrus. Bet-
ter parameterizations, especially those developed specifically for the
midlatitudes can improve the comparison results. One such is the bi-
modal gamma size distribution parameterization developed by Dono-
van (2003), which depends on the ice water content and the tempera-
ture, based on a combined Lidar multiple scattering cloud signal, radar
reflectivity and average radar Doppler velocity measurements. An ear-
lier work by Ivanova et al. (2001) also presents a bimodal gamma size
distribution parameterization for midlatitude cirrus clouds based on
in-situ probe measurements, which depends only on temperature.

6.4.5 Use of FASTEM emissivity model over ocean

The results presented here correspond to step 4 mentioned in Sec-
tion 6.3. In Sections 5.2.4 and 5.3.4 of Chapter 5, the influence of
surface emissivity on the upwelling radiation in the presence of clouds
for frequencies representing the surface channels 16 and 17 of amsu-b
was examined. Among these channels, channel 16 Tb is significantly
affected by the presence of liquid clouds and channel 17 is affected by
both liquid and ice clouds. The information on surface emissivity is
crucial to the comparison, which will be demonstrated here.

It was mentioned in Section 6.3 that for all the simulations presented
in the previous subsections, a constant surface emissivity of 0.6 was
assumed over sea and 0.95 over land. This is of course not a problem
in the comparison for channels 18, 19, and 20, especially in the pres-
ence of clouds, because these channels are opaque. But for channels 16
and 17, the simulations can be made closer to the observation if one
can input the correct information on the surface emissivity in the rt
model. The implementation of the emissivity model fastem in arts
was discussed in Chapter 4. In this section, the results of the simula-
tion using the fastem emissivity model is presented for channels 16
and 17.

The top left and the right panel of Figure 6.16 show the surface
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345˚

345˚

350˚

350˚

355˚

355˚

0˚

0˚

5˚

5˚

10˚

10˚

45˚ 45˚

50˚ 50˚

55˚ 55˚

60˚ 60˚

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

89 GHz (clear), TBFASTEM − TB0.6

345˚

345˚

350˚

350˚

355˚

355˚

0˚

0˚

5˚

5˚

10˚

10˚

45˚ 45˚

50˚ 50˚

55˚ 55˚

60˚ 60˚

0

3

6

9

12

15

18

21

24

27

30
K

89 GHz (liquid + ice), TBFASTEM − TB0.6
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Figure 6.16: The top left and right plots show the emissivity for 89 and
150 GHz, respectively. The middle left and right plot shows the difference
between the Tb simulated assuming fastem emissivity and constant emis-
sivity of 0.6, under clear sky conditions, for 89 and 150 GHz, respectively.
The middle left and right plot shows the difference between the Tb simulated
assuming fastem emissivity and constant emissivity of 0.6, in the presence
of clouds, for 89 and 150 GHz, respectively.

emissivity calculated using fastem for frequencies 89 and 150 GHz
respectively. For 89 GHz, it can be seen that the surface emissivity is
higher than 0.6 over most of the regions. As one moves northward,
the emissivity value increases, the maximum value reaching up to
0.7. One reason for this could be the cold surface temperatures over
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Figure 6.17: The left plot shows the scatter plot of amsu-b channel 16 Tb

v/s the arts simulated Tb and the right plot shows the comparison for
channel 17. The dark symbols denote the simulation using fixed emissivity
of 0.6 over sea and the light symbols denote the simulation using fastem
to calculate the emissivity.

the northern high latitudes. It can be seen from Figure 4.3 that as
the surface temperature becomes colder, the emissivity increases. For
150 GHz, the surface emissivity is higher than that for 89 GHz. The
maximum value goes up to 0.76.

Since the surface emissivity is higher than 0.6, it is quite obvious
that the Tb also will be higher than the one corresponding to 0.6.
This can be seen from the middle panel of Figure 6.16 which shows
the difference in clear sky Tb resulting from using fastem and 0.6 over
oceans. As expected, because of larger surface emission, the differences
are positive indicating that the Tb resulting from using fastem is
higher compared to the one resulting from using 0.6. The maximum
difference is about 24 K for 89 GHz and 30 K for 150 GHz.

In the presence of clouds, the difference between the Tbs for the
two sets of simulations reduces. This can be seen from the bottom
panel of Figure 6.16 which shows the difference between the Tbs cal-
culated using fastem emissivity and a constant emissivity of 0.6 in
the presence of clouds. The left and right plots in the bottom panel
represent 89 and 150 GHz, respectively. Over clear sky regions, the
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differences are the same as in the middle panel. Over cloudy regions,
the differences are reduced. This is clearly seen over the region of very
high lwp in Figure 6.3 which extends from the northwest of Ireland
up to the northwest of Spain. There, the difference in Tb is very low.
For 150 GHz, the differences are close to zero. This is because, the
presence of clouds obscure the surface and the Tbs become insensitive
to surface emissivity variations.

It is also interesting to see the comparison with the observation.
Figure 6.17 shows the comparison with observation for both frequen-
cies. The dark symbols represent Tbs calculated using the constant
surface emissivity value of 0.6 and the light grey symbols represent
Tbs calculated using fastem emissivities over ocean. The result is en-
couraging because the simulation gets closer to the observation when
fastem emissivities are used. The very low emissivities which resulted
from a wrong information on emissivity values had a very large con-
tribution to the discrepancy as shown by the dark symbols. It has
to be mentioned here that the fastem model was applied only over
ocean regions. Much of the other discrepancies in these channels can
be removed if correct emissivity values are used over land and snow
regions as well.

6.4.6 Particle shape, orientation and polarization

The results presented here correspond to step 5 mentioned in Sec-
tion 6.3. It is well known that ice particles are not spherical in shape
and that they are not randomly oriented (Brussard and Watson, 1995).
In this section, the arts simulations are repeated assuming cylinders
with an aspect ratio of 4 that are horizontally aligned and azimuthally
randomly oriented. The ice particles follow an mh size distribution.
The single scattering properties were calculated using the pyarts soft-
ware. The results indicate only the extent of error that can be intro-
duced by the assumption of randomly oriented spherical particles be-
cause there is no possibility to have any information on the shape of
the particle or its orientation. The maximum difference in Tb resulting
from the new setup compared to spherical particles following the same
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size distribution is about 20 K for 190 GHz which is affected the most
by ice clouds. The very large differences are associated with regions
of very high iwp. The results show that the Tb depression is high in
the presence of oriented aspherical particles. Thus actually when the
oriented aspherical particles are used here, the overestimation in Tb

shown by the rt model increases.
It is not possible to compare the polarization signal of the rt model

with the observation since amsu-b does not measure polarization. As
mentioned in Section 6.2, it measures a mixed polarization. It is shown
in Emde et al. (2004) that the polarization components of the Stokes
vector, Q is not very significant for down-looking angles and that it
increases for non-spherical particles compared to spherical particles.
Also, Q is higher for horizontally aligned azimuthally oriented parti-
cles than for randomly oriented particles (c.f Section 5.2.6). Therefore,
here simulation results assuming cylinders having an aspect ratio of 4
which are horizontally aligned and azimuthally randomly oriented, is
used to evaluate Q. The particles follow the mh size distribution.

The maximum value of Q obtained is about 8 K. The sign of Q
is always positive and is consistent with the results presented in
Emde et al. (2004) for horizontally aligned particles observed at down-
looking angles. At nadir, Q is zero and increases towards the maximum
scan angle, which is about 130◦. The maximum values of Q depends
also on iwp. If the line of sight is highly off-nadir, a small increase
in iwp can lead to a large increase in Q. This is demonstrated in the
left panel of Figure 6.18. The information on the zenith angle angle
associated with each pixel is used to sort Q accordingly. For example,
the points corresponding to nadir were chosen considering only those
pixels whose scan angles are between 179◦and 180◦.

The contribution of Q to the total intensity measured by amsu-b
can be calculated using Equation (6.1), if the total intensity I and the
polarization difference Q are known.

Imix = (I +Q) sin2 θp + (I −Q) cos2 θp. (6.2)

Figure 6.18 shows the difference, Imix−I, where I is the unpolarized
radiation. When Q is zero, Imix = I. At angles very close to nadir,
Q is zero. Therefore the differences are zero, as indicated by the ‘4’
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Figure 6.18: The left plot shows the polarization difference Q as a function
of iwp for 190 GHz. The right plot shows the difference Imix−I as a function
of iwp. The symbols represent the zenith angles which are indicated in the
legend.

symbols in the plot. The points were chosen considering only those
scan angles between 179◦and 180◦. The difference Imix − I can be
conveniently written as

Imix − I = −Q cos 2θp, (6.3)

As the scan angle becomes more and more off-nadir, Q increases. If
amsu-b were a limb-viewing instrument, then exactly at the limb, θp
equal to zero and the difference Imix − I will be −Q. As the zenith
angle moves from 180◦ (θp = 90◦), the difference Imix− I increases up
to a line of sight of 135◦. The difference Imix − I is positive as well.
This is shown by the ‘∗’ symbols in Figure 6.18. Exactly, at a zenith
angle of 135◦, the difference should be again zero, because here θp in
Equation (6.3) is 45◦. Beyond a line of sight of 135◦, the difference
becomes negative as is seen by the ‘+’ symbols. This is because, Q
increases and the second term in Equation (6.2) starts dominating
beyond a line of sight of 135◦. At zenith angles above 135◦, the effect
of polarization is to increase the Tb, i.e., to decrease the Tb depression.
The maximum difference is about 3 K.
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Figure 6.19: The figure shows a comparison of the arts Tb to RTTOV Tb

without considering clouds in the simulation. The left panel corresponds to
184 GHz and the right panel corresponds to 190 GHz.

6.5 Comparison with RTTOVSCATT
The results obtained from the arts rt model is also compared to
another scattering model rttovscatt, which is the extended version
of the clear sky rttov model. rttov belongs to the class of fast
rt models and is one of the most widely used models in the nwp
community for data assimilation. The model was briefly discussed in
Chapter 4 and more details can be found in Bauer (2002).

Both models use the same input parameters that are given by the
mesoscale model. Only the results over ocean were considered. This
is because rttov uses fastem–land, an emissivity model to calcu-
late emissivity over land, whereas arts assumes a fixed emissivity of
0.95. Over ocean, both models use emissivities calculated using the
fastem–ocean emissivity model. At first, both models were run in
the clear sky mode. Figure 6.19 shows a comparison of the clear sky
Tbs for 184 GHz and 190 GHz. The agreement between the models is
found to be good. The mean and the standard deviation of the differ-
ences are found to be 0.35 K and 0.15 K for 184 GHz, respectively and
0.8 K and 0.47 K for 190 GHz, respectively. The minor discrepancies
can be attributed to the fact that arts is a line-by-line model and
rttov is a fast model. Moreover, arts assumes a spherically sym-
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Figure 6.20: The figure shows a comparison of the arts Tb to rttov Tb

including both ice and liquid clouds in the simulation. The left panel cor-
responds to 184 GHz and the right panel corresponds to 190 GHz.

metric atmosphere and rttov assumes a plane parallel atmosphere.
When the comparison was extended to include the effect of clouds,
the results are not satisfactory. It can be seen from Figure 6.20 that
rttov Tbs are high compared to arts Tbs. The sources for these
discrepancies have to be identified carefully. One source of discrep-
ancy is the assumption of the size distribution. arts uses the mh size
distribution while rttov uses a size distribution described in Field
et al. (submitted, 2004). It is planned to further simulate the Tbs us-
ing a common size distribution for both models. Another reason could
be the discrepancies appearing due to the difference in the solution
method and the approximations used. rttovscatt uses the Edding-
ton approximation to solve the scattering problem. Only once the size
distribution issue is solved, it will be possible to arrive at a conclusive
result regarding this.

Comparing the speed of the calculation, rttovscatt takes about
2 hours on a linux pc to do one set of simulation including about 9000
profiles. arts takes about one day on 10 linux pcs for the complete
simulation.



186 6 Comparison of ARTS radiances to AMSU-B radiances

6.6 Conclusions
The aim of the presented study was to compare the Tbs simulated
using the arts rt model to the Tb observed by the amsu-b chan-
nels under an intense cloud condition. The simulation including the
presence of ice and liquid clouds is contrasted against the clear sky
simulation. The input profiles of pressure, temperature, humidity, and
ice and liquid water content necessary for the rt simulation were taken
from the uk Met Office mesoscale model forecast. The forecast and
the observation were about 30 minutes apart. The result of the com-
parison showed that for all channels, the Tbs simulated using a clear
sky rt model was not at all similar to the observation over regions
affected by clouds.

Among all the channels, channel 16 is affected the most by the
presence of liquid clouds. A maximum Tb enhancement of about 50 K
compared to the clear sky case was found over regions of high lwp.
The inclusion of liquid water clouds in the simulation led to a good
agreement between the observation and the simulation. Ice clouds have
only a very small effect on the Tb of this channel. Over ocean regions,
the presence of ice clouds increases the Tb compared to the clear sky
case because the absorption against a cold surface background makes
the emission term more dominant, thus increasing the Tb. Over land,
where the surface is radiometrically warmer, the extinction term gets
dominant, thus leading to a Tb depression.

A major reason for the discrepancy between the observation and the
simulation for this channel is the assumption of the surface emissivity
value in the rt simulation. In the initial comparisons, a surface emis-
sivity of 0.6 was assumed over ocean and 0.95 over land. Over ocean
surfaces, emissivities derived from the fastem emissivity model im-
plemented withing arts helped to overcome some of the discrepancy
and the observation and the model simulations agreed better. Over
regions of very thick clouds, the improvement was not as significant
as over clear sky regions. This is because in the presence of highly
absorbing clouds, the ground is obscured and the surface emissivity
variation is not important.

This is also true for channel 17, which is also sensitive to the surface
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and the lower atmosphere. This channel is affected both by liquid and
ice clouds. The presence of ice particles decreases the Tb whereas the
presence of liquid particles increases the Tb over oceans and decreases
the Tb over land regions. The use of emissivity values derived from the
fastem emissivity model led to a big improvement in the comparison
with the observation. Over ocean, the maximum difference between
the simulation assuming a constant emissivity of 0.6 and the simula-
tion using fastem derived emissivity was about 30 K. Over land, a
suitable emissivity model is essential which will help to improve the
comparison. This is especially true over snow covered regions where
the assumed value of 0.95 is most probably too high, which became
clear when compared with the observation.

The channel that is least affected by liquid or ice clouds is chan-
nel 18. This channel which is located closest to the water vapor line
at 183 GHz is sensitive mostly to the upper troposphere. The presence
of water vapor above the cloud decreases the effect of clouds under-
neath. The maximum effect due to clouds is only about 1 K. This is
good news as this channel is the one that is the most important for
the retrieval of upper tropospheric humidity. This channel is also not
affected by the surface. Channel 19 has a higher effect from ice clouds
compared to channel 18. There is a big improvement in the compari-
son when clouds are included in the simulation compared to the clear
sky simulation. Channel 20 is the most affected by clouds, the maxi-
mum difference with the clear sky simulation is close to 35 K. There
is a small enhancement due to liquid clouds over very cold regions.
This channel is sensitive to lower layers of the atmosphere which is
why the impact is the highest here.

One reason for the discrepancy between the observation and the
simulation is attributed to the assumptions related to cloud micro-
physical properties. Since the mesoscale model does not give infor-
mation on cloud microphysical properties, there are many free input
parameters for the rt simulation. These include the size distribution,
the shape and the orientation of ice and liquid particles. Initially, a
gamma distribution of randomly oriented spherical particles having an
effective radius of 100 µm was assumed at all vertical levels at all grid
points. In Section 6.4.4, a size distribution based on the parameteriza-
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tion developed by McFarquhar and Heymsfield (1997) was introduced
and simulations were done using the particle number density and cor-
responding single scattering properties for the particle sizes generated
using this size distribution. The difference in Tb when assuming the
two different size distributions, namely the gamma distribution and
the mh distribution, is the highest for channel 20 which also has the
greatest impact from clouds. The maximum difference is about 6 K.
Therefore, the improvement in the comparison with observation is
not very significant. One reason could be that this parameterization
is mainly developed for tropical cirrus. In the future, it is planned
to use a parameterization, which is developed specifically for midlat-
itude cirrus. The errors associated due to assumption of randomly
oriented spherical particles is understood with the help of the simula-
tion assuming horizontally aligned and azimuthally randomly oriented
columnar ice particles. The impact of polarization is also taken into
account which shows a maximum difference of about 3 K compared to
the unpolarized Tbs.

A major source of discrepancy, especially for channels 16, 17, and
20 is that the rt model does not include the influence of rain. This
can make a significant impact in the scattering signature.

Another source of discrepancy comes from the mesoscale model. It
is possible that the model derived temperature, humidity, and cloud
content are different from the actual atmospheric conditions. The tem-
poral difference between the observation and the model forecast can
lead to a big difference especially when the frontal system is active.
This is clear if one compares the regions associated with high lwp
and iwp in the mesoscale model in the simulation and the observa-
tion. The rt simulation follows the iwp or lwp distribution in the
mesoscale model correctly, but they are not exactly coincident with
the observation.

It is planned to extend this work as part of the esa project ‘De-
velopment of a radiative transfer model for frequencies between 200
and 1000 GHz’ considering another kind of weather system. It is also
planned as part of the same project to validate arts by comparing it
to amsu-b observations using in-situ measurements of the atmosphere
and cloud properties.



7 Summary, Conclusions and
Future Work

The aim of this thesis was the development of a radiative transfer
model that can take into account the multiple scattering due to hy-
drometeors present in clouds. The model development was necessary
for interpreting the scattering signal present in the microwave satellite
observations. This is important to understand the impact of clouds in
the retrieval of trace gases and also to retrieve cirrus microphysical
properties.

Cirrus clouds consist of ice particles which have unique microphys-
ical properties. The microphysical properties of cirrus clouds are dis-
cussed in detail in Chapter 2. The size of the ice crystals typically
varies over a wide range, from a few micrometers to millimeters.
They occur in varying shapes and can have preferred orientations.
This makes the calculation of single scattering properties, namely the
extinction matrix, the phase matrix, and the absorption vector, com-
plicated. The single scattering properties are helpful in understanding
the magnitude of the scattering due to ice particles and they also serve
as inputs to radiative transfer calculations. The most accurate theory
for calculating the single scattering properties is the Lorentz-Mie the-
ory, but it is limited to spherical particles. The T-matrix method by
Mishchenko and Travis (1998) can be used for the calculation of single
scattering properties of rotationally symmetric aspherical particles.

The results presented in Chapter 3 showed that in the microwave
range, the extinction by ice particles is dominated by scattering. The
extinction, the scattering, and the absorption cross-section increase
with the increasing particle size at all frequencies. It was shown that
the dependence on shape is not very significant at least for the par-
ticle shape range considered here. Spheroids and cylinders with the

189
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same aspect ratio behave in a similar way. In comparison, absorption
dominates the extinction in the case of liquid droplets. The absorption
cross-section of liquid droplets is at least an order of magnitude larger
than that of ice crystals.

The accuracy of the T-matrix method was checked by comparing it
with the Mie code and the difference for extinction cross-section was
smaller than 0.002 % at all frequencies ranging from 50–1000 GHz.
One limitation of the T-matrix method is that it does not converge for
large size parameters and particles that are highly aspherical. More-
over, it can be used only for rotationally symmetric particles. Although
the Discrete Dipole Approximation (dda) method can yield the single
scattering properties of more complex ice particle shapes and orienta-
tions that are common in cirrus clouds, it is computationally demand-
ing. Moreover, there are some known inaccuracies in the polarization
related elements of the scattering matrix. However, a comparison of
the T-matrix and the dda code is planned to be done as part of an
estec Study (Buehler et al., 2003).

Chapter 4 of the thesis presented the new scattering version of the
arts radiative transfer model. The arts clear sky model was chosen
as the platform for implementing the scattering version. There are two
things that make the scattering implementation complicated. One is
the dimensionality of the scattering problem. For example, unlike the
gaseous absorption cross-section, the scattering cross-section is highly
direction-dependent. Because the vector radiative transfer equation
has to be solved, the extinction cross-section and the phase matrix
are 4× 4 matrices and the absorption cross-section is a 4× 1 vector.
Moreover, all the cross-sections and the atmospheric fields vary in a
three-dimensional space. Accordingly, higher order tensors are neces-
sary to store most of the variables that are used in the scattering part.
The second factor that makes the scattering complicated is linked to
the solution method. Because the scattering problem is solved using
an iterative method, the number of iterations required for achieving
convergence can vary. For very strongly scattering cases, the number
of iterations required can be very large. Because of these two reasons,
it was decided to confine the scattering problem to a finite region of
the atmosphere called the cloud box. A lot of computer memory and
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computational time could be saved by using this strategy. In addition,
to improve the speed of the calculation, optimization algorithms like
the sequential update are also implemented in arts. It is also possible
to use the model for a 1-D scalar case.

The new arts model has the capability to simulate multiple scat-
tering by cirrus clouds and it also takes into account the polarization
due to scattering. The model is suitable for simulating up, down, and
limb looking sensors. In order to take into account the horizontal in-
homogeneity of cirrus clouds, arts is designed to solve the radiative
transfer equation in a spherical three-dimensional atmosphere. The
spherical three-dimensional atmospheric geometry is particularly im-
portant in the case of limb-viewing sensors, although this thesis does
not cover the limb-viewing aspects of arts. The results for limb are
covered in detail in another PhD thesis, by Emde (2005). For the
down-looking sensors it is important that at window frequencies, the
effect of surface reflection is properly taken into account which is also
taken care of in arts.

A detailed analysis which studied the impact of cirrus cloud char-
acteristics like ice water content, particle size and shape, and cloud
position on upwelling microwave radiation is presented in Chapter 5.
In order to assess the impact of each parameter separately, simula-
tions were done by varying each of the parameters over a wide range
that is physically possible for that parameter. The example frequen-
cies selected for the simulations are 89.9, 150.9, 184.31, 186.31, and
190.31 GHz. These frequencies correspond to the center frequencies
of the upper side band of channels 16, 17, 18, 19, and 20 of amsu-b
sensor on-board noaa-15, 16, and 17 satellites. The results showed
that the sensitivity to cloud properties depends on the water vapor
emission absorption background and on the cloud microphysical and
macrophysical properties.

The effect of cirrus clouds on upwelling microwave radiation is to de-
crease the brightness temperature. This is because the ice particles in
cirrus, which interact with microwave radiation mostly through scat-
tering, scatter away the upwelling radiation from the instrument field
of view. Among all the frequencies considered, 89 GHz is the least sen-
sitive to cirrus clouds. At this frequency, the scattering cross-section is



192 7 Summary, Conclusions and Future Work

almost equal to the absorption cross-section. Another frequency that
is not very sensitive to cirrus clouds is 184 GHz, but due to a differ-
ent reason. The reason is that this frequency which is highly sensitive
to water vapor gets saturated above the cloud altitude. Only when
the cloud altitude is above the sounding altitude, the effect of cirrus
clouds is felt. The frequency that is the most sensitive to cirrus clouds
is 190 GHz because the radiation passes almost entirely through the
cloud and the scattering is much stronger than the absorption.

At all frequencies, the effect of increasing the ice water path in-
creases the scattering effect, i.e., the brightness temperature depres-
sion deepens. The effect of increasing the particle size increases the
extinction due to scattering which also leads to deeper brightness tem-
perature depression. When the particle shape deviates from spherical
shape, the brightness temperature depression is deeper than compared
to the spherical case. It was shown that a preferred orientation can
give rise to a significant polarization signature compared to a ran-
domly oriented case.

For frequencies that are sensitive to the surface and have absorp-
tion of the same order as scattering, sometimes the presence of cir-
rus clouds can lead to a brightness temperature enhancement. This
happens when the underlying surface is radiometrically cold and the
cloud is present at a very low altitude. In this case, the emission of the
cloud against the radiometrically cold background leads to an increase
in brightness temperature. For liquid clouds, this is always the case,
i.e., brightness temperature enhancement. This is because they are
highly absorbing and are located at very low altitudes. The simula-
tions presented in Chapter 5 showed that the presence of liquid clouds
always increased the brightness temperature at 89 GHz. For channels
that are not surface sensitive, the extinction by liquid cloud droplets
decreased the brightness temperature compared to the clear sky case.
But since liquid clouds are present at lower layers of the atmosphere,
their presence is insignificant to 184 GHz, for instance. Chapter 5 also
presented the effects of clouds for the same frequencies using the fields
taken from one day of global era-40 reanalysis data.

Finally, the validation of the radiative transfer model was done by
comparing the simulated brightness temperature to collocated amsu-
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b observed brightness temperature. The atmospheric profiles of pres-
sure, temperature, and humidity as well as the cloud properties like
ice water content profiles and cloud altitudes were taken from the
uk Met Office mesoscale model forecast fields. The results suggested
that the radiative transfer model is able to simulate the brightness
temperature depression seen in the observation, over regions that are
associated with the presence of cirrus clouds. The brightness temper-
ature enhancement seen in channel 16 due to the presence of liquid
clouds is also correctly reproduced in the simulations. However, there
are some discrepancies between the simulation and the observation.

One reason is that the mesoscale model does not give information
on the particle size, shape or orientation. Therefore the assumption
regarding these parameters can be different from the real scenario.
For particle size distribution, a parameterization proposed by McFar-
quhar and Heymsfield (1997) was used. But this parameterization was
developed based on observations of tropical cirrus. In the future, it is
planned to use parameterizations that are developed specifically for
midlatitude cirrus. There are no ways to determine the shape and ori-
entation of the particle unless there are some in-situ measurements.
There are also uncertainties associated with the mesoscale model fore-
cast fields. There is a time difference of 30 minutes between the model
forecast time and the observation time. This can contribute to some
of the discrepancies between the observation and the simulation. It is
also possible that the model generated atmospheric fields and cloud
characteristics are not exactly similar to the real scenario. Further-
more, there are some processes that are not taken into account in the
simulation, for example the precipitation. The inclusion of precipita-
tion can help to make the comparison better for channels 16, 17 and
20. Another discrepancy is associated with the surface emissivity over
land surfaces. It is desirable to use an emissivity model that can give
the surface emissivity values over different kinds of land surfaces.

In the future, it is planned to validate the arts model by comparing
it to amsu-b observations using in-situ measurements of cloud and
atmospheric parameters. Once the validation process is complete, it
is planned to use the model as a tool for the retrieval of cirrus cloud
properties in the sub-mm wavelength range.
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