
1  Introduction

The observation of the Earth thermal emis-
sion spectrum provides  relevant  informations
about the chemical composition, the tempera-
ture and the dynamics of the atmosphere as
well as properties of the clouds. A special
focus must be put on the free troposphere
(above the boundary layer) and the lower
stratosphere to understand 1) the  climate and
its future evolution, and 2) the impacts of the
pollution and the biomass burning in the
atmospheric composition: 

(1) The radiative emission in the THz spectral
range of the upper troposphere due to
water vapor (H2O), ozone (O3) and ice
clouds, has a significant contribution in the
Earth radiative budget［1］. This contribu-
tion is still not well known because of the
limitations of current instruments and the
strong variability  of the upper troposphere
state［2］-［4］.

(2) The pollution and the biomass burning are
important sources of chemical components
in the atmosphere［5］. Long lived species
are produced at the surface and transported
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to the free troposphere and lower stratos-
phere［6］［7］. The pollutants deteriorate the
quality of the air and reduce its oxidation
capacity. 
So far, the nadir and limb space-borne

sounders operate either in the region below the
sub-millimeter wavelength［8］-［10］or in the
region above the far-IR (650 cm－1)［11］［12］.
The THz spectral region between 100 and
500 cm－1, also referred as the Far InfraRed
region, has not been explored yet. It is charac-
terized by strong changes in the atmospheric
transmission, with windows that allows nadir
sounding down to the lower troposphere. The
spectrum of the atmospheric thermal emission
is dominated by the strongest H2O lines. Fur-
thermore, THz observations will be less and
differently sensitive to tropospheric clouds
than the measurements at infrared wave-
lengths. Also, this region is rich of numerous
lines of trace gases.

As demonstrated by the Far-Infrared Spec-
troscopy of the Troposphere (FIRST) instru-
ment［13］, the new technology developments
make possible to develop satellite sensors cov-
ering the full IR region including the THz
region. Hence, the estimation of the capabili-
ties of THz sounders becomes an interesting
issue with the possibility of near future appli-
cations.

The Advanced Model for Atmospheric
Terahertz Radiation Analysis and Simulation
(AMATERASU

0

) is being developed at the
National Institute of Information and Commu-
nications Technology (NICT, Japan) as a part
of the THz project［14］. The THz project aims
to develop THz technology for various appli-
cations concerning, for example, the telecom-
munications and atmospheric science. This
paper focus on atmo-spheric science applica-
tions and more particularly on the Earth
atmosphere remote sensing. However
AMATERASU

0

is also used for estimating the
impact of the THz thermal atmospheric emis-
sion in the Earth energy budget and to study of
other planetary atmospheres such as Venus or
Mars planets. In case of atmospheric remote
sensing, AMATERASU

0

is used to define

instruments, quantify their capabilities and
process the observations in order to retrieve
geophysical parameters.

AMATERASU
0

is based on the MicrowaveOb
servation LIne Estimation and REtrieval
(MOLIERE) code［15］ that has been devel-
oped at the Bordeaux Astronomical Observa-
tory (France) to process the millimeter and
submillimeter observations from the SubMil-
limeter Radiometer (SMR) onboard the Odin
satellite［16］. MOLIERE consists in a clear
sky radiative transfer model for millimeter
and submillimeter wavelenghts region, a receiv-
er simulator and an inversion code. This code
can be applied to satellite, ground-based［17］
or downlooking balloon/airplane sounders.
However the code can not be used when both
uplooking and downlooking geometries
should be considered together, and for limb
geometry if the receiver is inside the atmos-
phere (e.g. ,  bal loon or airplane).  For
AMATERASU

0

applications, the absorption
coefficient module capability has been extend-
ed up to the near infrared region and a more
general radiative transfer module has been
developed to handle in one function the differ-
ent geometries of the optical paths and any
location for the reveivers. A scattering module
is also under development to take into account
the effects of clouds in the radiative transfer. It
is worthwile to note that in the AMATERASU

0

frequency range, the molecular rayleigh scat-
tering can be neglected.

This paper aims to present AMATERASU
0

focusing only on the modifications that has
been added to MOLIERE. The receiver simu-
lator and inversion codes remains unchanged
and will not be described here. For the
description of these modules, the reader
should refer to the MOLIERE paper in the ref-
erence cited above. The scattering model is
described in this issue［18］.

In section 2 we briefly present the neces-
sary concepts to understand and use
AMATERASU

0

. A special focus is put on the
absorption coefficient and the radiative trans-
fer algorithms. The new computation of the
radiative tranfer is presented in section 3. It
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includes the calculation of the transmission
and the radiance along the optical path as well
as the computation of some geophysical para-
meters weighting functions. In section 4 we
discuss the validation and the current applica-
tions of AMATERASU

0

. We finally conclude
in section 5 by giving the future evolutions of
the model.

2  AMATERASU basis

2.1  Clear sky radiative transfer 
module

The clear sky radiative transfer module
in AMATERASU

0

calculates the integrated
form of the non-scattered radiave transfer
equation［19］:

(1)

(2)

This equation describes the processus of
emission and absorption of the atmosphere at
different positions s along a given optical path
(se, sr). Iν (se) is the background radiance
entering the optical path at the frequency ν
and Iν (sr) is the outgoing radiance that is
received by the sounder. The definition of the
different physical parameters and constant
used in this equation are given in the table 1.
The background radiation is either the cosmo-
logic radiation at 3 K or the Earth surface

emission. The scattering effect can be neglect-
ed as long as the clouds or aerosol are neglect-
ed (no particle of similar or larger size than
the wavelength). The formulation of this equa-
tion assumes an atmosphere in the local ther-
modynamic equilibrium in order to set that the
source function equals the absorption coeffi-
cient αν. This hypothesis is verified up to the
upper mesosphere below the sub-millimeter
wavelength range and to the mid-stratosphere
for the IR region. When passing through the
atmophere, the line of sight is refracted and
bended toward the surface. This effect is
included and described in［15］. The details
about the absorption coefficient are presented
in the next section.

We define the opacity asτν(s, sr)= αν(s)
ds and the transmission ..

For the special case when the optical path
goes through a medium with at a constant
temperature T the equation 2 simply becomes:

(3)

The background radiation Iν (se) is
absorbed by a factor equal to the transmission
ηse, sr and a radiance Bν(T)(1－ηse, sr) is emit-
ted by the medium. The ougoing radiance lies
between Ise and B(T). The net budget is a radi-
ation absorption if Bν(T) < Iν (se) or an emis-
sion otherwise.

For an optically thin medium, ,
the background radiation contribution is

Table 1 Definition and notation of the physical parameters and physical constants used in
AMATERASU
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to the lower energy level of the spectroscopic
transition. It depends on the difference of pop-
ulation in the two levels and hence on the tem-
perature when assuming the atmosphere in a
thermal equilibrium. Given a line strength at a
temperature T0, its value at the temperature T
is given by［20］:

(5)

where Eq is the lowest energy of the two states
of the transition q and Qp is the partition func-
tion of the constituent p.

The line shape describes the broadening of
the lines due to collision betweens molecules
as well as an apparent line broadening due to
the thermic random molecular velocity, i.e., a
Doppler effect. The Doppler line shape is
given by a Gaussian function fd with a Half
Width at Half Maximum (HWHM) Δνd.

(6)

(7)

where T is the temperature and M the molar
mass.

The collisional line shape fc is given by the
Van Vleck and Weisskopf (VVW) profile［21］:

(8)

(9)

where Δνc is the HWHM, γair and γself are the
air and self broadening parameters at the tem-
perature T0, P and T are the atmospheric pres-
sure and temperature, and na and ns are tem-
perature dependence of the air and self broad-
ening parameters.

The altitude dependence of the Doppler
line width is only due to the temperature.
Hence, the width remains on the same order of
magnitude at all altitudes. On the other hand,

approximated by Iν(se)(1－τse, sr) and the
emitted radiance by Bν(T )τse, sr . A small
increase of the opacity (small enough to
remain in the optically thin approximation)
has a neglegible effect on the background part
but linearly increases the emitted radiance.

For an optically thick medium, ,
the transmission is null and the outgoing radi-
ation is simply B(T). An small change in the
opacity does not change the value of the out-
going radition.

For intermediate cases, a small increase of
the opacity will decrease the part of the back-
ground radiation and will increase the part of
the emitted one. The outgoing radiation
becomes closer to B(T) and the difference
Isr－ Ise

00

increases.

2.2 Absorption coefficient
2.2.1 The line by line model

The line by line model consists in comput-
ing along the optical path, the absorption coef-
ficient, αν(s), for each spectroscopic transi-
tion and atmospheric constituent. The
formulation of αν(s) is as follow:

(4)

where
ρp (s) : density of the molecule p (m－3)
νq : frequency of the transition q (Hz)
Iνq : line strength of the transition q

(Hz.m2)
f p, q : line shape for the molecule p and

the transition q (Hz－1)

The transition frequency νq is slightly shifted
by the pressure P. It is calculated as:

where is the non shifted frequency
transition, is the pressure frequency shift
parameter at the temperature T0 and na is tem-
perature dependence parameter.

The line strength is the probability for a
molecule to pass from the upper energy level
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the collisional line width is proportional to the
pressure and the width decreases exponential-
ly with the altitude. At lower altitudes, the line
width is dominated by the collisions effect and
at upper altitudes, the Doppler broadening
dominates. In between, both broadening
mecanisms are taken into account and the cor-
responding line shape is the Voigt profile:

(10)

Where fl is the Lorentz profile that is an
approximation of the VVW profile for small
values of Δνc/νq:

The Voigt function has been multiplied by
ν/νq in order to keep the same frequency
dependence as in the VVW function. It exists
several algorithms to perform the convolution
and the one from Kuntz［22］ is used in
AMATERASU

0

.
2.2.2 Continuum absorption

The line by line calculation is not enough
to match the observed absorption coefficient
value. First, the VVW lineshape fails to cor-
rectly represent the far wings of the line pro-
file for high pressure. In the troposphere, the
far wings of the H2O and with a less extend
CO2, lead to large error in the calculated
absorption coefficient.

Second, nonresonant absorption due to air

molecules (N2, O2, H2O and CO2) collisions
leads to a continuum absorption that is impor-
tant in the lower and mid troposphere. Theo-
ritical formulation of the collision induced
continuum has been calculated［23］-［25］.

In AMATERASU
0

the value of the far
wings of the line profile are set to zero from a
distance from the line center set by the user
(the default value is 25 cm－1). The MT_CKD
model［26］is used to account for the O2, N2,
CO2 and H2O continua. It covers the full IR
region including the microwave region. How-
ever the accuracy of the water vapor contiuum
is uncertain in the sub-millimeter and THz
waves domain. In the future, we will include
the water vapor contiuum parametrization that
is currently being measured in NICT in this
frequency domain［14］. The other absorption
continuum models that was in MOLIERE are
also included［27］［28］. However these models
are valid only up to more or less 1 THz. For a
simulation at frequencies below 400 GHz, the
Liebe model should be used for dry air and
water vapor continua. The liebe model［27］
implementation also includes its own line by
line model taking into account the most
important H2O and O2 lines below 1 THz. For
planetary atmosphere studies, the CO2-CO2

continuum absorption model from［25］has
also been implemented.

2.3  Spectroscopic databases
AMATERASU

0

reads the spectroscopic

Table 2 Description of the main parameters in the MOLIERE lines catalog
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parameters from the same catalog as
MOLIERE. The different fields are given in
Table 2. The HITRAN spectroscopic
database［29］ is used to create the lines file.
The conversion rules between one catalog to
the other are given in Table 3. The database
from the Jet Propulsion Laboratory［20］can also
be used but the spectroscopic catalog does not
provide the pressure broadening parameters.

3  Computation of the radiative
transfer equation and derivation
of the weightig functions

3.1  Transmission and outgoing 
Radiance

The radiative transfer equation 2 is dis-
cretized by dividing the atmosphere in layers
with constant temperature. The thicknesse of
each layer is defined so that the optical path
traverses the same distance in each layer. The
discretized transmission between the layer i up
to the layer j (not included) is noted η[i : j].
The indexes of the first and last layer are 1
and n, respectively. The receiver is indicated
with the index n + 1. Neglecting the frequency
dependence in the notation, the radiative trans-
fer equation becomes:

(11)

given the relation η[i : j] = η[k] and the
radiance emitted by the layer i that reaches the
receiver is:

(12)

In Equation 12, the term Bi (1－η[i , i +1])
00

is
the radiance emitted by the layer i (Eq. 3) and
η[i +1, n +1] is the transmission (i.e., level of
absorption) from the layer i to the receiver.

As already pointed out in the previous sec-
tion, for an optically thick atmosphere, given
that η[1 : n +1] ≈ 0, and η[i +1 : n +1]－
η[i : n +1] = 1－η[i : n +1] ≈ 1, the outgoing
radiance I [n +1] is a weighted average of the
Planck radiance Bi of each layer i. When the
radiance is expressed in brightness tempera-
ture, the outgoing radiance is the mean tem-
perature of the layers that significantly con-
tribute to it (see Fig. 1). The shape of the con-
tribution function is related to the altitude
dependence of the atmospheric opacity.

3.2  The VMR Weighting functions
The derivation of the discretized radiative

transfer equation with respect to the Volume
Mixing Ratio (VMR) x[l] in the layer l of a
given atmospheric constituent is given by:

where Δ[l] is the optical path length in the
layer l, ‾α[l] = [l] = ρ[l] k[l] and ρ[l] is
the atmospheric density and k[l] the absorp-
tion cross-section in the layer l.

To derive the weighting functions expres-
sion, we use:

Table 3 HITRAN parameters to AMATERASU parameters conversion
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Noting the common terms in Equation 12,
it is possible to implement a fast algorithm to
calculate simultaneously the weighting func-
tions and the radiance.

3.3  The Temperature weighting 
functions

As for the VMR weigthing functions, it is
possible to derive the discretized form of the
radiative transfer equation with respect to the
temperature of the layer l:

The term is calculated by a perturba-

tion method.

3.4  Source function weighting 
functions

Let’s replace in Equation 12 the Planck
function B[i], by the source function:

S[i] =β[i]×B[i] + ε[i].

The derivative of Equation 12 with respect
to β[i] is:

It is interesting to note that Ks[l] is I[l]
(Eq. 12), the contribution of the layer l to the
outgoing radiance I[n + 1].

The derivative of Equation 12 with respect
to ε[l] is:

4  Model validation and Current
applications

The validation of the model is performed

Fig.1 Left panel: The normalized contribution functions (Eq.12) for a nadir observation are
shown at 7 frequencies between 0.1 to 5 THz. The atmospheric opacity is 4 for the lowest
contribution function and 30×10 4 for the upper function. Right panel: the atmospheric
temperature (black curve) is shown together with the brightness temperature (circle) cor-
responding to the same opacity levels as used in the left panel. The dots indicate both
the maximuum altitude of the contribution function and the brightness temperature of the
outgoing radiation
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in 2 steps. In a first step, the code is compared
to other algorithms in order to verify the cor-
rectness of the implementation and the numer-
ical accuracy. In this step a special care is put
on the absorption coefficient and the radiative
tranfer computations. The code MOLIERE
has already been compared with several mod-
els in the millimeter and sub-millimeter
regions［30］. After each change, the new ver-
sion of AMATERASU

0

has been compared
with MOLIERE when it is possible. In partic-
ular we checked that the new radiative transfer
calculation agrees with MOLIERE for up-
looking, donwn-looking and limb-looking
geometries with differences less than 1 %.

In the second step the model is validaded
against real measurements in order to check
the validity of the algorithm hypothesis.

We briefly present in the next section a com-
parison of the line by line calculation performed
by AMATERASU

0

with the code MIRART［31］.
The comparison has been realized in the
framework of the use of AMATERASU

0

absorption coefficient to retrieve CO2 concen-
tration from LIDAR observations. The con-
centration measured by the LIDAR system
agrees with in situ measurements.

We also present the analysis to retrieve
geophysical parameters from the Balloon Far
InfraRed SpecTrometers (FIRST) observa-
tions. They are the first observations of the
atmospheric outgoing radiance specterum in
the full IR spectral range (up to 2000 cm－1)
including the THz region［13］.

Currently, the code is also used in other
studies that are not presented in this paper.
Let’s mention the retrieval of stratospheric and
mesospheric HO2 distribution from the Sub-
Millimeter Radiometer on board the Odin
satellite［9］［32］and the studies to improve the
processing chain of the Super-conductive Sub-
Millimeter Limb Emision Sounder (SMILES)
that will be launched in 2009 in the Japanese
Experimental Module (JEM) of the Internation-
al Space Station［33］. AMATERASU

0

is also
used to study the Venus and Mars atmospheres.

Fig.2 Upper panel: Cross section of the
CO2 line at 3371.5 cm－1 calculated
at 1013.25 hPa using MIRART (thick
blue line) and AMATERASU (dash
black line). The bottom panel
shows the relative difference
between both calculation. Lower
panel: Same as the left panel but
for a pressure of 50 hPa

Fig.3 Same as Fig. 2 but for a pressure of
10 －4 hPa
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4.1  Comparison of CO2 cross-section
with the MIRART model

The computations of the CO2 cross-section
by AMATERASU

0

and MIRART have been
compared at 3 different pressure levels
1013.25, 50. and 10－4 hPa. We can consider
that the line is broadened by collisions at
1013.25 hPa, by Doppler effect at 10－4 hPa,
and by both effects at 50 hPa. Beside the
implementation itself, the differences are from
the Voigt algorithm, the partition functions and
the isotopic ratio. In this calculation MIRART
does not include self-collisional broadening
effect but, we verified with AMATERASU

0

that
it has a neglectible impact on the results. Only
one line is used at 3371.5 cm－1 that is extract-
ed from the HITRAN catalog. While the
MIRART code uses directly this catalog, the
HITRAN parameters have to be converted in
the AMATERASU

0

lines file format and units.
The comparison between both codes also vali-
dates the conversion procedure from the
HITRAN to the AMATERASU

0

lines file.
For the 2 highest pressure levels, a good

agreement is found since the differences
between the models is below 0.5 %. For the
pressure level at 10－4 hPa, within 0.01 cm－1

the line shape is the Doppler Gaussian func-
tion. In this region, the agreement between
both models is very good (below 0.5 %). Out-
side this range, the lineshape follows the colli-
sional line shape. In the transition domain
between the two regimes, the MIRART shows
two symetric lobes that are not reproduced by
AMATERASU

0

. However the cross section
value is very low and this effect can be
neglected.

Hence, we can conclude that the compari-
son indicates a good agreement between the
line by line algorithms of AMATERASU

0

and
MIRART.

4.2  Balloon FIRST observations
The FIRST instrument is a Michelson

interfereometer capable of sensing the spectral
region between 100 to 1000 cm－1 with a reso-
lution of 0.625 cm－1 (unapodized). The instru-
ment flew on a high altitude balloon recording

for the first time the nadir Earth outgoing
Long wave Radiation from almost the full IR
region. Using AMATERASU

0

we want to
demonstrate with this instrument the benefits
of adding the THz region with the mid-IR
region for retrieving the upper tropospheric
humidity from space.

AMATERASU
0

has been configured to
simulate the FIRST instrument observations.
The theoritical unapodized instrumental line-
shape has been used (Eq. 13) and it has been
modeled over a spectral range of 12 cm－1 and
a resoltution of 0.1 cm－1.

(13)

with dν= 0.625 cm－1.
A comparison between the FIRST spec-

Fig.4 Upper panel: Mean spectrum
observed by FIRST between 7:11 pm
to 8:50 on june 7, 2005.
Lower Panel: Simulated outgoing
long wave radiance. The radiances
have been computed using a
mid-latitude climatology and the
theoritical instrument line shape
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trum and a AMATERASU
0

simulation is shown
in Figure 4. In parallel, a study is carried out in
order to retrieve tropospheric methane (CH4).
Figure 5 shows the FIRST spectrum within the
selected frequency range. It is also shown two
AMATERASU

0

calculations with and without
CH4 lines.

Taking into account that the atmospheric
description comes a climatology, the FIRST
observations and the full simulation with
AMATERASU

0

can be considered in a good
agreement. The simulation without the CH4

spectroscopic lines shows the locations of the
CH4 lines that will be used to retrieve the CH4

concentration. The other lines are from H2O
and N2O.

5  Conclusion

We have presented the model AMATERASU
0

for the analysis and the simulation of THz
radiation. The current status of the model

already allows to use it in several studies.
However it has to be improved.

The scattering module that is currently
developed will be fully integrated. The possi-
bility to take into account horizontal inhomo-
geneties along the optical path will also be
included.

The far wings of the line shape has to be
improved by using other profile than the
VVW profile. The interferences between close
CO2 lines in the 15μm window (line mixing)
has to be taken into account. In parallel, the
algorithms must be fully validated following
the methodology described in this paper.
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Fig.5 Mean FIRST spectrum (blue line) together with two AMATERASU calculations in the infrared
CH4 absorption band. The first calculation includes the main absorbing lines (green line)
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have been computed using a mid-latitude climatology and the theoritical instrument line
shape
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