
1  Introduction

The Terahertz (THz) or Far-Infrared (FIR)
region (0.1 – 20 THz～～3 – 670 cm－1～～3000 –
15μm) of the electromagnetic spectrum is a
rather unexplored spectral region for atmos-
pheric research. Situated in the transition zone
between radio wave and optoelectronic
regimes this is mainly due to technological
reasons.

However, this previous inability to observe
this region does not coincide with the impor-
tance of the THz region for atmospheric
processes and their observation, for the global
energy budget and Earth’s climate. In particu-
lar, 50 % of the total outgoing longwave radia-
tion (OLR) and even 75 % of the atmospheric
part of the OLR are concentrated in this spec-
tral region. Furthermore, it is known that cir-
rus as well as longwave cloud radiative forc-
ing have major components in the THz region.
Although we gained a good idea about the
crucial role this spectral region plays in the
Earth-atmosphere system, we still lack precise
knowledge and a global view of the absolute
values［1］.

Beside that, the THz region is also of high
interest for observation and monitoring of ice

clouds, which play a key role not only in the
energy budget but also in the hydrological
cycle that is closely linked with Earth’s cli-
mate. Great progress in cloud ice monitoring
has recently been gained based on a number of
instruments on the so-called A-train, and
CloudSat in particular. However, there are still
a number of limitations that restrict accuracies
in ice content measurements to about 200 %.
With its wavelength being in the order of the
size of ice particles, the THz region is highly
sensitive to cloud ice. While the lower fre-
quencies are mainly sensitive to the size mode
where most of the ice is concentrated (～～50 –
200μm), the usage of higher frequencies
allows for a “scanning” of the size distribu-
tion, i.e., for the derivation of microphysical
information, as well as for higher altitude res-
olution. In conclusion, THz observations are
highly promising for improving measurements
of several important ice cloud properties.

Along with the growing ability of observa-
tions in the THz range, there is a need for
updated and improved radiative transfer mod-
els in order to be able to simulate and analyze
the measurements. Here, we present recent
developments in radiative transfer modeling
for the Far-Infrared/Terahertz range. The
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Advanced Model for Atmospheric TeraHertz
Radiation Analysis and Simulation
(AMATERASU

0

), developed within the
TeraHertz Project at NICT is introduced.
While Baron et al.［2］describe the modules for
clear-sky THz calculations, in this article we
focus on the AMATERASU

0

modules dealing
with atmospheres that contain atmospheric
particles, e.g., water droplets or ice particles as
can be found in clouds. Concerning radiative
transfer that means, these modules consider
emission/absorption as well as scattering as
sources/sinks of radiation.

The fundamental principles of radiative
transfer (RT) with scattering are introduced in
Section 2 along with their implementation in
AMATERASU

0

. Sections 3 and 4 focus on the
methods implemented in AMATERASU

0

to
obtain optical properties of ensembles of
atmospheric particles, which are a crucial
parameter in radiative transfer calculations. In
particular, that includes the derivation of scat-
tering and absorption properties of ice parti-
cles found in high altitude clouds. Conclusions
are drawn in section 5.

2  The AMATERASU scattering
module

AMATERASU
0

has been developed with a
strong heritage from the models Moliere［3］
and SARTre［4］. The Moliere heritage of
AMATERASU

0

comprises modules dealing
with calculation of molecular absorption coef-
ficients and weighting functions as well as
application of instrumental line shape, etc.,
and modules related to optical properties of
atmospheric particles and to scattering have
been adapted from SARTre.

While a full integration of modules from
both source models is planned, currently they
coexist rather independently with a number of
external routines allowing for the flow of data
between the two kind of modules. For exam-
ple, the solution of the radiative transfer equa-
tion is derived using slightly different
approaches for clear-sky and cloudy cases,
with the former using modules coming from

Moliere and the latter involving SARTre mod-
ules. Both, Moliere and SARTre modules of
AMATERASU

0

have been adapted for RT
calculations in the THz spectral range. How-
ever, several AMATERASU

0

modules like
those providing weighting functions, dealing
with instrumental features, or performing
retrievals that work for clear-sky cases are not
yet applicable to cloud cases with the current
version of AMATERASU

0

.
The following subsections describe the

algorithms for cloud case RT as used at the
moment within AMATERASU

0

with a focus on
changes of the modules taken from SARTre
that have been implemented for calculations in
the THz region. While the approach to the
solution of the radiative transfer equation has
not been changed, adaptions to THz region
concentrate in the field of deriving the optical
properties of atmospheric particles.

2.1  Radiative transfer equation
Like Moliere and the clear-sky version of

AMATERASU
0

, SARTre and the cloud version
of AMATERASU

0

apply the source function
integration technique. Using the integral radia-
tive transfer equation

(1)

radiation sources J are “collected” along the
observer line of sight (LoS) and transmitted to
the instrument following Beer’s law. Here I(ν)
is the monochromatic intensity at wavenumber
νand Ib denotes background radiation, e.g.,
emission from the surface or the cold space.τ
is the optical depth of the medium measured
from the observer along the LOS.

In contrast to the clear-sky AMATERASU
0

modules that assumes homogeneous layers
between the grid points along the LOS (com-
pare Eq. (3) in Baron et al.［2］), the cloud ver-
sion assumes linear evolution of the source
terms Jn within each path segment. Splitting
the LOS into N path segments, Eq. (1) can be
rewritten as
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(2)

with ∆τn being the path optical depth of seg-
ment n. Contributions Jn from the individual
path segments can be expressed in terms of
source terms evaluated at discrete path grid
points and coefficients depending on the path
segment’s optical depth:

(3)

with

and

(4)

that can be solved analytically when linearity
of J within the path segment is assumed.
When further defining

(5)

then Eq. (2) can finally be written as

(6)

Concerning accuracy of the quadrature,
the line of sight has to be split into appropri-
ately small path segments over which linearity
can be assumed.

2.2  Path optical depth in a spherical
atmosphere

In Eqs. (2)-(6) ∆τdescribes the extinction,
integrated along a path segment, which is
caused by molecular absorption on the one
hand and scattering as well as absorption by
particles on the other. Optical properties of
gaseous matter, which are provided by
Moliere-heritage modules of AMATERASU

0

(for details see Baron et al.［2］), and those of
particles can be handled separately, i.e., for
∆τ

0

applies

(7)

where ∆τmol is the optical depth of the gaseous
matter and ∆τpar denotes the particle optical
depth. From particle and molecular extinction
that are commonly given with respect to alti-
tude z optical depth along a path segment ∆τs

needs to be derived. In a spherical atmosphere,
vertical thickness and path length through a
path segment, ∆ z and ∆ s respectively, relate
to each other by the so-called Chapman
function［5］, which may generally not be
evaluated analytically. The commonly used
approximation [e.g.,［6］] of ∆τs = ∆τz · ∆s/∆z
is critical concerning accuracy, particulary for
large zenith angles that occur close to the tan-
gent point of limb LOS. For AMATERASU

0

cloud modules, a second order polynomial is
assumed to describe the dependence of extinc-
tion on the position along the path

(8)

Coefficients a, b, and c are derived for
individual path segments from extinction coef-
ficients at the boundary of each segment and a
third point at mean segment altitude. From
τ= ∫βe ds and Eq. (8) follows

(9)

2.3  Source terms
The term J = JB + JMS contains the sources

of radiation originating from thermal
emission (B) and multiple scattering (MS)
with

(10)

(11)

where B(T) denotes the Planck emission term,
P(Θ) is the phase function in dependence of
the scattering angle and I(Ω´) describes the
incident radiation field in terms of incident
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constant refractive index. However, vertical
inhomogeneity is considered by dividing the
slab into a number of homogeneous layers
with vertical optical thickness ∆τz, that can be
adequately characterized by constant single
scattering albedo ω0

DIS and scattering phase
function P(Θ). ∆τz is calculated by analytic
integration of the explicitly given or assumed
exponential change of particle and molecular
scattering/absorption coefficients, within a
layer. Since molecular absorption coefficients
are defined at discrete altitudes, single scat-
tering albedo ω0 as derived from Eq. (12) is
not necessarily constant within a layer. For
DISORT

0

a representative average single
scattering albedo of the layer is calculated by

(13)

where ∆τs
par denotes the optical depth due to

particle scattering, ∆τmol and ∆τpar are the total
molecular and particle optical depth of the
layer, respectively.

3  Optical properties of clouds

Atmospheric particulate matter includes
aerosols as well as hydrometeors in clouds
(e.g., water droplets and ice particles) and pre-
cipitation (e.g., rain, snow, graupel, hail).

direction.ω0 describes the scattering albedo of
the “mixed” atmospheric medium along the
the LOS. It is calculated from molecular and
particle optical properties by

(12)

whereβs andβa are scattering and absorption
coefficients with superscripts ‘mol’ and ‘par’
denoting properties of molecular and particu-
late matter, respectively.

While JB is calculated with full respect to
the sphericity of the Earth-atmosphere system,
the multiple scattering source term JMS

requires the knowledge of the incident radia-
tion field I(Ω´). Assuming a local planarity of
the Earth and atmosphere, as indicated by
Fig. 1, I(Ω´) is derived within a plan-parallel
atmosphere, using the DISORT radiative
transfer package［7］. Except for that, source
term JMS is handled in a spherical atmosphere
as well. That is, contributions from multiple
scattering are calculated for local parameter
values assigned to the individual grid points
along the LOS through a spherical atmosphere,
e.g., local directionΩ. Although only set up
for a spherical shell atmosphere momentarily,
this approach allows for applying an indepen-
dent pixel approximation based two-dimen-
sional atmosphere with only slight modifica-
tions.

The DISORT module solves the radiative
transfer problem for a plane-parallel one-
dimensional atmosphere being a single slab of

Fig.1 Local planarity assumption in a spherical atmosphere. The incident radiation field at grid
points along the LOS is derived in a local plane-parallel atmosphere, indicated in red.
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While radiative effects of aerosols can be
neglected in the THz range, hydrometeors
emit, absorb, and scatter radiation in certain
fractions depending on the size and shape of
the particles involved. Although precipitating
particles are known to modify the transfer of
radiation in the atmosphere at the lower fre-
quency end of the THz region, they can not
yet be handled with AMATERASU

0

. For liquid
and ice cloud particles several methods have
been implemented in AMATERASU

0

to derive
their optical properties.

Within AMATERASU
0

, atmospheric par-
ticles are assumed to occur in homogeneous
layers, i.e., optical properties are assumed to
be constant over the whole layer in horizontal
and vertical direction. To meet this assump-
tion, vertically inhomogeneous parts of the
atmosphere have to be divided into sufficient-
ly small layers that can be taken to be homo-
geneous. In the atmosphere, particles always
exist at a range of sizes, and are usually also
of different shapes and material, i.e., occur as
polydispersions. Most of the models and data-
bases provide optical properties for single par-
ticles of a defined size, shape and material
only. Those monodispersion properties have to
be convolved with functions describing the
distribution of particles in the bulk concerning
size, shape and material. Scattering by sam-
ples of particles are assumed to be indepen-
dent, i.e., a scattering event at one particle
does not interfere with those at other particles.
In consequence, scattered intensities may be
added without regard to the phases of the indi-
vidual scattered waves. Thus, bulk optical
properties can be obtained by a weighted
mean of single particle properties.

For clouds, particles are usually consid-
ered to be formed from pure water, i.e., a sin-
gle material. Ice particles are known to show
very different shapes in the atmosphere with a
wide variety of shape distributions, which is
hard to represent appropriately in models.
Therefore, shape distributions are commonly
largely simplified, such that only a single
shape is assumed, that might be related to tem-
perature or cloud type but is mostly driven or

restricted by the abilities to derive single parti-
cle properties for various shapes.

Particle size distributions are often
expressed as a function n(a) of a few parame-
ters, e.g., the ambient temperature and/or ice
water content of an ice cloud. Then, the
extinction coefficient of a sample of particles
is given by

(14)

with amin and amax being the minimum and
maximum particle size considered by the dis-
tribution, respectively, andσe(a) denoting the
extinction cross section of a particle of dimen-
sion a. Scattering as well as absorption coeffi-
cients can be calculated analogously. The
phase function of a polydispersion is derived
from

(15)

Due to the focus of previous studies, cur-
rently only size distributions for tropospheric
ice clouds taken from Liou［8］and Shettle［9］
are implemented in AMATERASU

0

. The
distributions from Liou［8］are parameteriza-
tions of data from Heymsfield and Platt［10］in
terms of ambient temperature. Liou［8］also
provides a parameterization of ice water con-

Fig.2 Particle size distributions for ice
clouds as currently implemented in
AMATERASU. Originating from
Shettle［9］(dashed) and Liou［8］
(solid) with the latter plotted for sev-
eral parameterization temperatures
over the defined range. For better
comparability, all distributions have
been scaled to a constant ice
water content.
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tent IWC of the cloud in terms of temperature.
In Shettle［9］fixed distributions are given for
“cirrus” and “thin cirrus”. Figure 2 illustrates
these distributions.

For future studies, we will implement size
distributions for different kinds of liquid water
clouds as well. Beside size distributions from
Shettle［9］which are the ones implemented in the
well-established RT model MODTRAN［11］, we
will extract size distributions from OPAC［12］.
OPAC provides single scattering properties for
monodispersions as well as polydispersion of
self- and predefined mixtures of ice and water
clouds as well as aerosols, but is restricted to
wavelengths up to only 10μm.

For the derivation of monodispersion opti-
cal properties Lorentz-Mie theory can be
applied assuming sphericity of the particles.
This is a good approximation for non-precipi-
tating water droplets, but is also used fre-
quently for ice particles when observed at
lower frequencies. In AMATERASU

0

a
Lorentz-Mie-code by Wiscombe［13］ has
recently been implemented, that provides opti-
cal properties of monodispersions including
absorption and scattering efficiencies as well
as scattering phase functions. It requires com-
plex refractive index of the particle material
and the size parameter of the particle, the rela-
tion between particle dimension and wave-
length, as input. It should be noted, that pro-
viding appropriate complex refractive indizes
in the THz range even for pure liquid water
and water ice is not trivial. This is because
very few measurements have been made in
this spectral region due to lack of proper light
sources and receivers. More details about this
issues are discussed in the following section.

Furthermore, an interface to a database by
Yang et al.［14］ is ready to be used within
AMATERASU

0

. The database contains single
scattering properties of non-spherical, ran-
domly oriented particles of six different
shapes for 45 particle size bins. Aspect ratios
of these particles are predefined according to
statistics from a vast amount of in-situ data.
Spectral optical properties include extinction
and absorption efficiency as well as phase

functions given from the ultraviolet into the
THz range up to 100μm(=3 THz) on a very
fine angular grid of approximately 500 dis-
crete points .

For future, we plan to implement T-matrix
code from Mishchenko et al.［15］valid for
non-spherical, homogeneous, rotationally
symmetric particles. Furthermore, an interface
to a database by Rother et al.［16］containing
properties of non-spherical particles for a
range of size parameters, aspect ratios, and
refractive indizes is planned. In addition to the
already interfaced and applied version of the
Yang et al.［14］database, we will successively
implement extensions in the microwave and
sub-millimeter region as soon as new data
[e.g.,［17］] becomes available.

4  Ice dielectric properties

When calculating single scattering proper-
ties of particles or extracting them from a
material independent database, knowledge of
the dielectric properties, e.g., the spectrally
dependent complex refractive index (RI), of
the forming material is required. With a focus
on clouds in the Earth’s atmosphere, we cur-
rently only plan to consider pure liquid water
and water ice in AMATERASU

0

. For the
moment, several models are available for
water ice that will be described in detail in the
following, while implementation of liquid
water dielectric properties is pending.

As mentioned before, providing appropri-
ate complex refractive indizes in the THz
range even for pure water ice is not a trivial
task. Only few measurements have been made
within this spectral region due to a lack in
light source and receiver technology in the
THz region, which is the transistion zone
between radio wave and opto-electronic
regime. Furthermore, most of the measure-
ments have not been carried out at tempera-
tures where ice clouds detectable with THz
instruments usually occur in the Earth’s
atmosphere. Since RI are usually taken to
have only weak temperature dependence at
frequencies above approximately 2 THz, this
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is not a serious problem for higher THz fre-
quencies. But, below this limit in particular
temperature dependence of the imaginary part
of the RI becomes significant, i.e., atmospher-
ic RI derived from extrapolating measure-
ments at very low temperatures become less
reliable.

Within AMATERASU
0

we implemented
five different models for refractive index or
permittivity, whose characteristics are summa-
rized in Tab. 1. Out of these models, Warren
［18］giving complex values on a discrete grid
for the whole range of the electromagnetic
spectrum used for remote sensing has become
a standard. The values in this model have been
compiled from diverse measurements of the
imaginary RI in different regions of the elec-
tromagnetic spectrum. The real part of the RI
has been derived from the spectrally resolved
imaginary RI via the Kramer-Kronig-Formula.
The other four models are parameterizations,
i.e., they give formulas that have been fitted to
measurements in certain spectral and tempera-
ture regions. Except for Jiang and Wu［19］,
which has been developed for frequencies up
to 3 THz, these parameterized models are
defined to be valid in the region up to 1 THz.
However, with the exception of Zhang et
al.［20］ they are more or less based on
measurements in the lower frequency region
(up to 200 GHz) or at very low temperatures

［21］. Warren［18］takes into account few far-IR
measurements, but reports on their uncertainty
and inappropriate temperature range.

Figures 3 and 4 illustrate the behaviour of
all of the five currently implemented RI mod-
els in dependence of frequency (Fig. 3) and
temperature (Fig. 4) for frequencies up to
1 THz and tropospheric temperatures. For
both, temperature and frequency, we find two
groups of models–such with linear and such
with higher order dependency on the parame-
ter. The Warren［18］model segues from one to
the other mode with changing frequency as
well as temperature (for the latter even a lower
order dependency is found at high tempera-
tures, compare －5 ˚C curve in Fig. 3). Directly
comparing the models with each other (here,
Warren［18］has been chosen as reference), sig-
nificant differences are found for all frequen-
cies and temperatures reaching up to 60 %
(see Fig. 5).

In addition to the imaginary part of the RI,
Fig. 6 presents the behaviour of the real RI.
Deviations between the models here are much
lower (below 1 %) and temperature depen-
dence is less significant. Though, it should be
noted that Warren［18］derives real RI from
applying Kramer-Kronig-Formula, i.e., in a truly
physical way, while others assuming a con-
stant real RI［20］or real permittivity［19］［22］
based on measurement uncertainty of these

Table 1 Characteristics of ice refractive index models implemented in AMATERASU. UV-MM
means ultraviolet to microwave, Perm. is permittiviy, and m. stands for measurements.
1This column refers to whether dielectric properties are given as complex permittivityε=
ε´– iε” or complex RI m = m´ – im”, that are related byε= m2. 2This column denotes,
whether the real part of the complex permittivity or RI is given or not. 3Warren［18］ is
given on a discrete spectral and temperature grid, not by parameterization formula.
4Non-constant, discrete values tabulated for a sparse set of frequencies at a single
temperature with no comment on temperature dependence. Since differences occur
in the forth significant digit only, we use an averaged value for all frequencies and tem-
peratures. 5Originally, absorptivity is measured and parameterized. Converted into
imaginary RI byα = 4π/λ· m”
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values being larger than the change with fre-
quency and temperature. Mishima et al.［21］
does not give a statement on real RI at all, but
since it is necessary for optical property calcu-
lation we applied the value from［20］(because
both give imaginary RI while the other two
parameterizations provide permittivity) as
default in our implementation.

In summary, there exist several models for
the lower THz region along with a number of
measurements. But, deviations between the
models as well as the measurements (for those
refer to the original model papers) are quite
large. For the higher THz frequency region,
the data become very sparse with Warren［18］
being the only model above 3 THz. However,
due to lack of appropriate accurate measure-
ments, between approximately 3 – 10 THz the
Warren［18］model is the best data we can use
but not very reliable.

In a further study［23］ the sensitivity of

cloud ice measurements from sub-mm/THz
sensors to uncertainties in the dielectric prop-
erties of ice has been analyzed. It has been
found, that uncertainties of imaginary RI as
large as been found between the examined
models are not very critical below 1 THz, but
that the rather small real RI deviations cause
significant differences in the cloud ice mea-
surements. However, the common and proba-
bly most accurate method to derive real RI is
the measurement of imaginary RI over a wide
spectral range in combination with applying
the Kramer-Kronig-Formula as done by
Warren［18］. In conclusion, to improve the reli-
ability of clouds ice measurements in this
basically very promising spectral region, mea-
surements of dielectric properties in this badly
covered frequency range would be of ines-
timable help. Since THz technology recently
has advanced greatly, we can hope for
improvements in the near future.

Fig.3 Imaginary part of complex refractive index in dependence of frequency up to 1 THz for
selected ice temperatures plotted separately for the RI models implemented in AMAT-
ERASU (see panel header)

Fig.4 Imaginary part of complex refractive index in dependence of ice temperature for select-
ed frequencies plotted separately for the RI models implemented in AMATERASU (see
panel header)
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5  Summary and conclusions

Modules of the AMATERASU
0

RT model
dealing with cases that need consideration of
particulate matter, in particular of clouds, have

been described. Emphasis has been put on the
explanation of approaches, that differ from the
ones introduced in Baron et al.［2］. Further-
more, features or data that have recently been
implemented to adapt RT algorithms to the
requirements of the THz spectral region have
been presented in detail and future plans have
been pointed out. A special focus has been on
discussing the complex refractive index data
available for the THz region, which are a cru-
cial parameter to calculate single scattering
properties of monodispersions and derive bulk
optical properties from these, which are a nec-
essary input to radiative transfer calculations.
It has been found, that large discrepancies in
the imaginary part exist between the different
RI data. But, deviations of top-of-atmosphere
intensities and cloud ice measurements
derived from these are rather driven by small
uncertainties in the real part of complex RI.
However, since both are linked and the
Kramer-Kronig-Formula allows for the calcu-
lation of one of the quantities from measure-
ments in a wider spectral range of the other
quantity, accuracy of real RI could be

Fig.5 Differences of RI models  implemented in AMATERASU in relation to Warren［18］model.
Upper panels show absolute deviations in dependence of frequency for selected tem-
perature. Lower panel present relative deviations.

Fig.6 Real part of the complex refractive
index of the implemeted models in
dependence of frequency for
selected ice temperatures
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improved from better, i.e., more frequent and
more accurate, measurements of imaginary RI.
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at THz frequencies that is under development,
e.g., within the THz project at NICT, we pos-
sess the tools to perform the necessary labora-

tory measurements in the near future. This
might pave the path to fully exploit the poten-
tial of THz sensors for improved measure-
ments of cloud ice, which is still one of the
great uncertainties in climate modeling and
hydrological cycle［24］.
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