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[11 We compare a number of radiative transfer models for atmospheric sounding in the
millimeter and submillimeter wavelength range, check their consistency, and investigate
their deviations from each other. This intercomparison deals with three different aspects of
radiative transfer models: (1) the inherent physics of gaseous absorption lines and how
they are modeled, (2) the calculation of absorption coefficients, and (3) the full calculation
of radiative transfer for different geometries, i.e., up-looking, down-looking, and limb-
looking. The correctness and consistency of the implementations are tested by comparing
calculations with predefined input such as spectroscopic data, line shape, continuum
absorption model, and frequency grid. The absorption coefficients and brightness
temperatures calculated by the different models are generally within about 1% of each
other. Furthermore, the variability or uncertainty of the model results is estimated if
(except for the atmospheric scenario) the input such as spectroscopic data, line shape, and
continuum absorption model could be chosen freely. Here the models deviate from

each other by about 10% around the center of major absorption lines. The main cause of
such discrepancies is the variability of reported spectroscopic data for line absorption and

of the continuum absorption model. Further possible causes of discrepancies are
different frequency and pressure grids and differences in the corresponding

interpolation routines, as well as differences in the line shape functions used, namely a
prefactor of (V/vg) or (V/vg)* of the Van-Vleck-Weisskopf line shape function. Whether or
not the discrepancies affect retrieval results remains to be investigated for each

application individually.
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1. Introduction

[2] During the past decades, numerous atmospheric
radiative transfer models have been developed, i.e.,
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computer programs that simulate the radiative transfer
in the atmosphere. Most of them have been developed
for specific purposes, typically for the analysis of data
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from specific sensors. Therefore they are typically suit-
able for, e.g., a limited wavelength range, or for a
specific geometry as relevant for the sensor.

[3] Such models (commonly called “forward mod-
els”) are used to simulate the intensity of radiation that
a sensor would measure for a given state of the atmo-
sphere (pressure, temperature, constituent gases) and a
given source of the radiation. The simulations are needed,
e.g., when developing and designing new sensors, when
retrieving atmospheric parameters (e.g., temperature,
trace gas concentrations) from actual measurements, or
when correcting measurements of the radiation from
earth or space for the influence and contribution of the
atmosphere.

[4] The aim of this paper is (1) to compare a number of
forward models developed independently for atmospheric
sounding, applicable in the millimeter and submillimeter
wavelength range and for different geometries, including
limb-looking, and (2) to check their consistency and
investigate their deviations from each other. Similar
recent intercomparison studies are Tjemkes et al. [2003],
von Clarmann et al. [2003b], Garand et al. [2001].
However, the studies by von Clarmann et al. [2003b]
and Tjemkes et al. [2003] focused on the infrared
wavelength range, and the study by Garand et al.
[2001] focused exclusively on models for the Advanced
Television Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (ATOVS) instruments
flown on polar orbiting meteorological satellites (POES)
of NASA.

[s] Section 2 reviews the basic equations relevant for
this intercomparison study, sections 3 and 4 briefly
present the forward models that participated in this study
and the setup of this study. The subsequent sections deal
with three different aspects of the radiative transfer
models on which this study focuses: (1) the inherent
physics of gaseous absorption lines and how they are
modeled (section 5), (2) the calculation of absorption
coefficients (section 6), and (3) the full calculation of
radiative transfer for different geometries, i.c., down-
looking, limb-looking, and up-looking (section 7). Sec-
tion 8 points out what has been learned not only by the
results of this study, but also from performing it; section
9 gives a brief summary. Appendix A gives details about
the radiative transfer models that participated in this
study.

2. Basic Equations

[6] Before going into the details of this intercompari-
son study, let us give a brief overview of the basic
equations related to radiative transfer in the atmosphere
in the millimeter and submillimeter wave domain. More
details and derivations can be found in books by authors
like, e.g., Goody and Yung [1989] or Janssen [1993].
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[7] The radiation field is described in terms of the
specific intensity /,, which is defined as the flux of
energy in a given direction per second at a given
frequency (v) per unit frequency interval per unit solid
angle per unit area.

[8] In the case of microwaves, scattering by air mol-
ecules is negligible (as compared to absorption), scatter-
ing by aerosols can be neglected as well, and scattering
by cloud particles (droplets, ice particles) is neglected
here since we only consider clear sky. In the case of local
thermodynamic equilibrium, the integral form of the
radiative transfer equation is then given by

L,(0) = /Osbg 0u(s) Bo(T(s)) e ™) dg

+ I, (spg) ™ 1) (1)
where s is the coordinate along the line of sight; the
observer (e.g., a radiometer) is at s = 0, the background is
at s = sp, and contributes the background radiation
I,(spg). For up-looking and limb-looking geometry, s, =
oo and /,(syg) usually is the cosmic background, whereas
for down-looking geometry, s, is finite and /,(spg) is the
radiation emitted by the ground. The «, is the absorption
coefficient, 7,(s) is the opacity defined as

T (8) = / ay(s) ds’ (2)
Jo
and B,(T) is the Planck function defined as
2m? 1
B,(T) = (3)

cZ ehv/kT -1

Here, / is Planck’s constant, ¢ is the speed of light, & is
Boltzmann’s constant, and 7 is the physical temperature.
The integral in equation (1) can be easily evaluated
numerically, provided the absorption coefficient is
known.

[o9] The absorption coefficient «, for a specific gas
absorption line can be written as

oy, =nS(T)F(v) (4)
where n is the number density of the absorber molecule,
S(T) is the line strength and F(v) is the line shape
function ([F(v) dv = 1). Spectroscopic databases (also
called spectral line catalogs) contain the value of S at a
reference temperature 7, for each spectral line. The
conversion to other temperatures is done according to
[Pickett et al., 1992]

Q(T()) e—E]/kT(l _ e—hllg/kT)
Q(T) e*E[/kTq(l _ e*hVn/kTo)

S(T) = $(To) (5)

where E; is the lower energy level of the states between
which the transition occurs, vy is the transition frequency,
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and Q(7T) is the partition function. Spectral line catalogs
contain E; tabulated along with vy and S(7}). Partition
functions Q(T) for all molecular species are also
available along with some spectral line catalogs, either
in the form of tabulated values for a set of temperatures,
or as polynomial approximations.

[10] In order to determine the line shape function F(v)
of atmospheric absorption lines, two effects have to be
considered: Doppler or thermal broadening and colli-
sional or pressure broadening. Doppler broadening is
caused by the thermal motion of the gas molecules.
Collisional broadening is caused by a perturbation of
the energy levels by collisions of the molecules.

[11] Doppler broadening is dominant in the upper
stratosphere and mesosphere for microwave frequencies.
The Doppler line shape function is

e 53] o

where yp = =2 \/% Here v, is the line center frequency,
and m the mass of the respective molecule. The Doppler
line shape is just a Gaussian, with the Doppler width yp
giving the half width at 1/e maximum of the line shape
function.

[12] Collisional broadening is more complicated than
Doppler broadening. So far, it is not possible to
calculate from basic principles a collisional line shape
that is valid near the line center and in the far wing.
All theoretical line shapes must rely on approximations
that limit them to certain regions of the line profile.
The most popular of these approximations is the
impact approximation which states that the duration
of the collisions is short compared to the time between
collisions. That approximation allows the formulation
of a simplified kinetic theory which yields the Lorentz
line shape

YL 1

FLv,v)) = —= ——5—— 7

L(v,vo) = — o) (7)
where vy is the Lorentz line width which is a function of
pressure and temperature. A generalization of the
Lorentz line shape particularly for the microwave
spectral region is the van Vleck-Weisskopf line shape
[Van Vieck and Weisskopf, 1945]

2
Fyvw (v, 1) = (V_“O> [FL(v,vo) + FL(v, —vo)]  (8)

which reduces to the Lorentz line shape for |[v — vg)| <
Vo. Note that this line shape function is an approximation
and is not normalized [Rayer, 2001].

[13] Collision and Doppler broadening are taken into
account simultaneously by the Voigt line shape, a con-
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volution of the Lorentz line shape with a Doppler line
shape:

Fyoigi(v,v9) = /FL(U,V/)FD(UI,Vo)dV/ 9)

This line shape is an approximation of the true line shape
in the transition regime where both collisional broad-
ening and Doppler broadening are significant. There is
no analytical solution to the integral in equation (9), so
one of several available approximation algorithms has to
be used (see survey in the work of Schreier [1992]).

[14] Finally, one can implement a hybrid line shape
that behaves like a Van Vleck-Weisskopf line shape in
the high pressure limit and like a Voigt line shape in the
low pressure limit:

2
v
FHybrid (Ua UO) - <1/0> [FVOigt(Va VO) + FVoigt(Ua _VO)}

(10)

[15] Not related to the physics, but rather to the
modeling of radiative transfer, is the way how to dis-
cretize functions of the vertical spatial variable (height
h). Instead of taking point values at discrete heights,
weighted means over layers can be taken, so-called
Curtis-Godson means. The Curtis-Godson mean of a
quantity X (e.g., pressure, temperature, or some volume
mixing ratio) for layer j (between 4; and 4;,,) is defined
by

hjs1

X(W)n(h') di’

hjt1
/ n(i') di
hy

where n(h) is the number density of the atmosphere’s
molecules as a function of height 4’, and X(#') is the said
physical quantity (e.g., pressure, temperature, or some
volume mixing ratio) as a function of height /'.

3. Participating Models

[16] The forward models which participated in this
intercomparison study were as follows.

[17] 1. Atmospheric Radiative Transfer Simulator
(ARTS), a public domain project which was initiated
and developed jointly by the University of Bremen,
Germany, and Chalmers University, Goteborg, Sweden
[Buehler et al., 2005]. ARTS is used for the retrieval of
atmospheric parameters from data from the limb sounder

3 of 28



RS1007 MELSHEIMER ET AL.: RADIATIVE TRANSFER MODEL INTERCOMPARISON RS1007
Table 1. Main Features of the Participating Radiative Transfer Models®

Model Catalog® Partition Function® Line Shape? Continuum Absorption® Refraction” Geometry®
ARTS JLH, O poly. Hy, Vo, VVW, Lo, Do CKD, MPM, PWR, O yes D,L,U
BEAM J,H, O JPL/int. Vo, VVW MPM93 no LU
EORC JLH JPL/int., O Vo, VVW, Lo, Do MPM&89,93 yes D,L,U
KMM" H (0) VVW MPM&89 yes U
MAES ILH JPL/int. Vo, Lo, Do MPM&89,93 no D,L,U
MIRART JLH O 0 Hy, Vo, Lo CKD2.2, O yes D,.L,U
MOLIERE/5 LHO poly. Hy, Vo, VVW, Lo, O CKD,MPM93 yes D,LU
SMOCO I, JPL/int. Vo, Lo, Do MPM&89,93 yes D,L

“For details and references on the models, see section 3 and Appendix A.

*The spectral line catalog used, “J” is the JPL line catalog [Pickett et al., 1998], “H” is the HITRAN line catalog [Rothman et al., 1998], and
“O” is others (for details, see model descriptions in Appendix A).

“Approach to calculate the partition function used in the temperature conversion of the line strength. “Poly.” is a polynomial in 7 (temperature),
“JPL/int.” is interpolation between values given in the JPL line catalog, and “O” is other approach (for details, see Appendix A).

9Line shape function used for the line absorption. “Hy” is the hybrid line shape function as defined in equation (10), “Vo™ is Voigt (cf.
equation (9)), “VVW?” is Van Vleck—Weisskopf (cf. equation (8)), “Lo” is Lorentz (cf. equation (7)), and “Do” is Doppler (cf. equation (6)).

“The model used for continuum absorption. CKD is the Clough-Kneizys-Davies model [Clough et al., 1989], MPM89 and MPM93 are the

models by Liebe [1989] and Liebe et al. [1993], respectively, and PWR is the model by Rosenkranz [1993, 1998].

The inclusion of the effect of atmospheric refraction.

£The types of viewing geometry that can be handled. “D” is down-looking, “L” is limb-looking, and “U” is up-looking.

"Note that KMM does not model antenna response and channel response, i.e., it uses pencil beams.

on board the Odin satellite, from the Advanced Micro-
wave Sounding Unit (AMSU) on board the NOAA polar-
orbiting satellites, and from the ground-based Radiometer
for Atmospheric Measurements (RAM) and the airborne
Airborne Submillimeter Radiometer (ASUR) instru-
ments. ARTS has further been used for instrument studies
of Superconductive Submillimeter Limb Emission
Sounder (SMILES) and Millimeter-Wave Acquisitions
for Stratosphere/Troposphere Exchange Research/
Submillimeter Observation of Processes in the Atmo-
sphere Noteworthy for Ozone (MASTER/SOPRANO).

[18] 2. Bernese Atmospheric Model (BEAM), devel-
oped at the Institute of Applied Physics (IAP), University
of Bern, Switzerland [Feist, 2001; Feist and Kdmpfer,
1998; Feist, 1999a]. Today, BEAM is used for the data
analysis of all the radiometric instruments at IAP as well
as the ozone radiometer SOMORA at MeteoSwiss.

[19] 3. Earth Observation Research Center (EORC)
model developed at EORC, National Space Development
Agency (NASDA), Japan (for details see Table 1 and
Appendix A). It is mainly intended as accurate and
numerically efficient software for the L2 data processing
of the planned Superconductive Submillimeter Limb
Emission Sounder (SMILES) to be aboard the Japanese
Experiment Module (JEM) of the International Space
Station (ISS).

[20] 4. Karlsruhe Millimeter-Wave Forward Model
(KMM) developed for ground-based millimeter-wave
radiometry at the Forschungszentrum Karlsruhe, Ger-
many [Kopp, 2001]. It was used for the retrieval of
ozone volume mixing ratio profiles from measurements
of a 142 GHz radiometer and for the retrieval of ozone,

CIO, HNOj; and N,O profiles from measurements of the
268—280 GHz radiometer of the Forschungszentrum
Karlsruhe. Since winter 2001/2002, the model has also
been used for profile retrieval of the 200-228 GHz
radiometer of the Swedish Institute of Space Physics
(Institutet for Rymdfysik (IRF)) in Kiruna.

[21] 5. Millimeter Wave Atmospheric Emission Sim-
ulator (MAES), developed at the Communications
Research Laboratory (CRL, now National Institute
of Information and Communications Technology
(NICT)), Tokyo, Japan (for details see Table 1 and
Appendix A). MAES has been applied to data analyses
of CRL ground-based millimeter-wave radiometers
[Ochiai et al., 2001] and to designing of the CRL
Balloonborne Superconducting Submillimeter-Wave
Limb-Emission Sounder (BSMILES) [Irimajiri et al.,
2002] and space station—borne SMILES [SMILES
Mission Team, 2002].

[22] 6. Modular Infrared Atmospheric Radiative
Transfer (MIRART) developed at the Remote Sensing
Technology Institute of the German Aerospace Center,
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)
[Schreier and Schimpf, 2001; Schreier and Bottger,
2003]. It is used, e.g., for data analysis of the Michelson
Interferometer for Passive Atmospheric Sounding
(MIPAS) and for far-infrared heterodyne spectroscopy
of the stratosphere.

[23] 7. Microwave Observation Line Estimation and
Retrieval Code, Version 5 (MOLIERE/S) developed at
the Observatoire de Bordeaux, France [Urban et al.,
2004]. MOLIERE/S is implemented in version 223 of
the data processor used for the retrieval of vertical
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rms relative deviation as function of altitude (296K)
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Figure 1.
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rms relative deviation as function of altitude (250K)
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Exercise 0. Root mean square relative deviation of the participating models from ARTS

(in percent) as a function of altitude. Temperatures: (left) 296 K and (right) 250 K.

constituent profiles from limb observations of the
submillimeter radiometer (SMR) on board the Odin
satellite.

[24] 8. SMILES Observation Retrieval Code
(SMOCO) developed by CRL (now NICT) in collabo-
ration with Fujitsu FIP Corporation, Tokyo, Japan
[SMILES Mission Team, 2002]. The main purpose of
this model is to retrieve altitude profiles of molecular
concentrations and of temperature from spectra measured
by JEM/SMILES. SMOCO is the official retrieval code
for the SMILES ground segment system for L1 and L2
processing.

[25] The main features and capabilities of the models
are summarized in Table 1. Further relevant details are
given in Appendix A.

4. Intercomparison Setup

[26] The intercomparison was carried out in five
“exercises’ that can be grouped into three parts, accord-
ing to the aspect of radiative transfer modeling on which
they focus. The first part (exercise 0) deals with a check
of the line shape function (see section 5). The second
part (exercise 1 and exercise 2) deals with a comparison
of the absorption coefficients calculation (see section 6).
The third part (exercise 3 and exercise 4) concerns the
radiative transfer (see section 7). Exercise 0, exercise 1
and exercise 3 are calculations with a fully specified set
of input parameters, with the purpose of making a direct
comparison of the model implementations. Exercise 2
and exercise 4 are calculations where only some input
parameters are common and the remaining ones are to be
set by the participants. These latter exercises are meant
to test the absolute uncertainties that are present in

the calculations (including uncertainties in input
parameters).

5. Line Shape Implementation Test
(Exercise 0)

[27] The purpose of this exercise is to test the imple-
mentation of the Voigt line shape function. More pre-
cisely, the prescribed line shape for this exercise was the
Voigt line shape with a quadratic prefactor:

1%

Fixo(v,v0) = <U—0) 2FV0igt(UaU0) (12)

[28] This was an arbitrary decision for the intercom-
parison, not a judgment that this is the best line shape to
use. Other reasonable choices would have been the pure
Voigt line shape of equation (9), or the hybrid line shape
of equation (10). For the low frequency bands, the hybrid
line shape would have been a more realistic choice, but it
is not supported by most models except ARTS and
MIRART. Note that KMM does not support the Voigt
line shape, therefore this model could not participate in
this exercise.

5.1. Calculations (Exercise 0)

[29] The absorption coefficient was calculated for just
one line, the ozone line at 110.83 GHz, but for various
pressure levels corresponding to altitudes between 0 and
55 km. Spectroscopic parameters were taken from the
HITRAN line catalog. Two sets of calculations were
carried out: (1) for constant temperature 7 = 296 K,
chosen because the HITRAN line catalog provides line
intensities for this temperature and (2) for constant
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Absorption Spectra Intercomparison: alt = 24 km Absorption Spectra Intercomparison: alt = 48 km

BEAM MIRART EEAM
EORC ~ - - MOLERe % EORG R v
\ MAES = = = SMOCO MAES = = = SMOCO
10— ‘ ‘ ‘ : ‘ ‘
€
= 107}
3
10°
2 2
T O CTITITTRRN SSTTITTITRERAIREPIORIY
E % <
S = i
- ——— —— - O o i e —
N 2 b
2l : : : ‘ -2l : : : :
110.4 110.6 110.8 111 111.2 110.4 110.6 110.8 111 111.2
frequency [GHz] frequency [GHz]
Figure 2. Exercise 0. Top panels show absorption coefficient (O5 line at 110.83 GHz), at altitudes
(left) 24 km and (right) 48 km; temperature 296 K. Bottom panels show relative difference (in
percent) of the absorption coefficient with respect to ARTS.
temperature 7' = 250 K, which corresponds roughly to [30] Figure 1 shows the root mean square of the

temperatures in the lower stratosphere, in order to test the relative deviation of each model from ARTS for the
implementation of the temperature dependence of the two sets of calculations as a function of altitude. This is
line strength (see equation (5)). defined in the following way: Let aagrts(v;) and

o [1/m]

relative diff.[%]

Absorption Spectra Intercomparison: alt = 24 km Absorption Spectra Intercomparison: alt = 48 km
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Figure 3. Exercise 0. Top panels show absorption coefficient (O5 line at 110.83 GHz), at altitudes
(left) 24 km and (right) 48 km; temperature 250 K. Bottom panels show relative difference (in
percent) of the absorption coefficient with respect to ARTS.
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Table 2. Overview of the 12 Frequency Bands Used in
Exercises 1A and 2

Band Frequency, GHz Species
1 21.73-22.73 H,O
2 88.00—90.0 (window)
3 110.33-111.33 05
4 118.23-119.23 0,
5 149.00—151.00 (window)
6 182.00—184.00 H,O
7 353.84-354.84 HCN
8 500.75-502.80 ClO, N,O
9 543.80—544.80 HNO;
10 575.76-576.76 Cco
11 624.87-626.40 05, HCI
12 648.95-649.95 ClO

Qother(V;) be the absorption coefficient at frequency v,
calculated by ARTS and by another model, respectively;
the frequency grid, {v;}, has N, elements in the given
frequency band. The relative deviation of the other
model from ARTS is

0Lother(vi) - OLARTS(V[)

QARTS (Vi)

Auother(vi) = (13)
Note that here and throughout this study, ARTS was
consistently chosen as the reference model just for the
sake of convenience. Then the root mean square
(RMS) of the relative deviation over the frequency
band is

1
sl = e St 08

Although the actual vertical coordinate used in all
calculations has been pressure, here and for all further
plots, we always convert it into altitude which is a
more intuitive quantity and therefore more suitable for
discussion. The full results (i.e., the calculated
absorption coefficient from each model as a function
of frequency as well as its relative deviation from
ARTS) for some specific altitudes are given in
Figures 2 and 3.

5.2. Discussion of Results (Exercise 0)

[31] ARTS, EORC model, SMOCO and MAES are
almost identical, regarding both the values of the absorp-
tion coefficients and the line shapes; the root mean
square of their relative deviation is below 0.1%. The
same applies for MIRART at 296 K. The offset by 0.5%
(in RMS) of MIRART in the calculation for 250 K
(Figure 1 (right panel) and Figure 3) is caused by a
different temperature conversion scheme of the line
strength. MOLIERE/S deviates (in RMS) by about
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0.2%. In the line wings, it is below ARTS, SMOCO
and EORC model with an almost constant offset of about
0.2% for all altitudes, but near the line center, it is above
them. It was identified that this is caused by the inter-
comparison setup: MOLIERE/S uses a slightly different
line width since half widths are specified in MHz/Torr
(Verdandi line catalog, cf. Appendix A) whereas
HITRAN half widths are provided in cm™'/atm. BEAM
deviates by 1% to 1.5% (Figures 1-3); the line wings are
higher and the line center is lower than the other models.
This was caused by a unit conversion error of 1.3% in the
line broadening coefficient that was unfortunately dis-
covered too late for correction.

6. Absorption Coefficient Intercomparison

[32] The intercomparison of the absorption coeffi-
cients was made in two steps, checking the correctness
of the implementation (exercise 1), and inspecting the
spread or variability of the results among the various
models when some of the input parameters could be
chosen freely, e.g., the line catalog (exercise 2). In
exercise 1, line-by-line absorption and continuum
absorption were treated separately, thus it is split into
exercise 1A and 1B.

6.1. Exercise 1A: Implementation of Line
Absorption

[33] The aim of this exercise is to check the correct
model implementation for line absorption calculations.
Line-by-line calculations of the absorption coefficient
were carried out for the 12 frequency bands and 9
species, listed in Table 2. Note that the table lists as
“species” for each band only the one or two species that
have a major absorption line in that band; the calcula-
tions, however were to take into account all lines of those
9 species in all of the 12 given bands. In order to avoid
inconsistencies due to variations in input parameters, full
spectroscopic data (from HITRAN line catalog), poly-
nomial coefficients for computing the partition function,
and the isotopic ratio for each isotope of each target
species were provided. The prescribed line shape was the
same as in exercise 0 (see equation (12)). As stated
above, this line shape behaves like the VVW line shape
in the high pressure limit. Therefore KMM also partic-
ipated in this exercise although it exclusively uses the
VVW line shape, keeping in mind that comparison with
the other models is then only meaningful for lower
altitudes. The frequency step size for the calculations
was 10 MHz for the bands with an H,O line and the
window bands, and 5 MHz for all other bands. The
atmospheric scenario (pressure, temperature, volume
mixing ratio of the gas species) was midlatitude winter,
taken from the Air Force Geophysics Laboratory
(AFGL) atmospheric data base [Anderson et al., 1986].
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rms relative deviation as a function of altitude
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Figure 4. Exercise 1A. Root mean square of the relative deviation from ARTS (in percent) of the

participating models as a function of altitude.

The used pressure grid corresponds to altitudes between
0 and 55 km.

6.2. Discussion of Results (Exercise 1A)

[34] Figure 4 shows the root mean square of the
relative deviations of the participating models from
ARTS, defined as in equation (14), in each of the 12
spectral bands, as a function of altitude. Table 3 shows
the maximum relative deviations of all models from

ARTS, for all frequency bands, along with the altitudes
and frequencies where the maximum deviations for each
model occur. In addition, sample plots showing the
results for some of the 12 bands at a given altitude are
shown in Figures 5-7.

[35] ARTS, SMOCO, MOLIERE/5, and the EORC
model are almost identical, their RMS deviation from
ARTS is less than 0.5% in frequency band 2 to 5 and less
than 0.1% in all other frequency bands (see Figure 4).
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Figure 5. Exercise 1A. (top) Absorption coefficient in
window at 89 GHz (band 2) at an altitude of 28 km.
(bottom) Relative deviation (in percent) of the different
models from ARTS.

The EORC model is closest to ARTS, with a negligible
RMS deviation of much less than 0.1% and a maximum
deviation of 0.5% (see Table 3). MOLIERE/S has a RMS
deviation from ARTS of less than 0.25%.

[36] BEAM deviates by about 1% (maximum devia-
tion about 1.7%) in all bands. As in exerciseO, the
deviations (positive in line wings, slightly negative in
line centers, see Figures 5—7) are caused by a unit
conversion error of 1.3% in the line broadening.

— ARTS MAES
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Figure 6. Exercise 1A. (top) Absorption coefficient in
window at 150 GHz (band 5) at an altitude of 28 km.
(bottom) Relative deviation (in percent) of the different
models from ARTS.
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Figure 7. Exercise 1A. (top) Absorption coefficient
around Ojs line at 625.37 GHz and HCl line at 625.9 GHz
(band 11) at an altitude of 28 km. (bottom) Relative
deviation (in percent) of the different models from
ARTS.

[37] MAES has mostly a RMS relative deviation from
ARTS not greater than 0.1%, only at the lowest altitude it
exceeds 0.5%. BEAM has a RMS deviation from ARTS
of about 1% (see Figure 4), the maximum deviation does
not exceed 2% (see Table 3). The RMS relative deviation
of MIRART (Figure 4) exceeds 2% in bands 8, 9, and 12
at altitudes around 30 km. The reason is very likely the
temperature conversion scheme of the line strengths:
MIRART uses the scheme from the ATMOS software
[Norton and Rinsland, 1991], whereas ARTS and the
other models use the TIPS scheme [Gamache et al.,
2000] or other polynomial interpolations of the partition
functions. It has been observed that line strengths con-
verted to other temperatures with the ATMOS and the
TIPS scheme agree for some molecule species, while
there are differences of up to about +10% for other
molecule species. Apparently for the key species of
bands 8, 9, and 12, i.e., HNO3, N,O, and CIlO, the
ATMOS and the TIPS schemes differ. Note that the
MIRART RMS deviations in bands 8, 9, and 12 are
largest at altitudes of about 20 to 30 km, where temper-
atures are furthest from the reference temperature
of 296 K, which is another hint at the temperature
conversion’s being involved.

[38] KMM and MIRART are close to the other models
at the lower altitudes, but near the top of the altitude
range they deviate by more than 10% for MIRART and
16% for KMM at 55 km (see Table 3, bands 10 and 11).
This is not surprising in the case of KMM, given that it
utilizes a VVW line shape function which does not
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Table 3. Exercise 1A: Maximum Relative Deviations (%) of the Absorption Coefficient Calculated by the Participating Models
From the Absorption Coefficient Calculated by ARTS?*

Model
BEAM EORC KMM MAES MIR MOL SMOCO
Band 1
Maximum Deviation, % —1.373 0.434 0.163 —0.050 0.600 —0.108 —0.015
Altitude, km 4.00 0.00 20.00 0.00 55.00 55.00 33.00
Frequency, GHz 22.23 22.24 22.26 21.73 22.24 22.21 22.05
Band 2
Maximum Deviation, % 1.722 -0.279 —1.968 —0.692 3.888 0.120 0.409
Altitude, km 10.00 0.00 55.00 0.00 55.00 55.00 12.00
Frequency, GHz 90.00 88.00 89.25 88.00 89.39 88.62 90.00
Band 3
Maximum Deviation, % 1.697 —0.065 —2.609 —0.489 —-2.316 0.150 0.406
Altitude, km 8.00 0.00 55.00 0.00 55.00 38.00 8.00
Frequency, GHz 110.33 110.33 110.84 110.33 110.84 110.84 110.33
Band 4
Maximum Deviation, % —1.740 —0.003 —2.559 —0.442 —2.794 0.234 0.417
Altitude, km 4.00 0.00 55.00 0.00 55.00 55.00 55.00
Frequency, GHz 118.75 119.23 118.75 118.77 118.75 118.74 118.77
Band 5
Maximum Deviation, % 1.712 —0.387 —2.261 —0.794 4.022 0.109 0.406
Altitude, km 33.00 0.00 55.00 0.00 55.00 55.00 55.00
Frequency, GHz 149.00 151.00 150.35 151.00 150.64 150.30 149.00
Band 6
Maximum Deviation, % —1.634 0.435 —4.210 —0.152 —2.537 —0.126 —0.054
Altitude, km 43.00 0.00 55.00 0.00 55.00 55.00 48.00
Frequency, GHz 182.18 183.31 182.18 182.00 182.18 183.96 182.38
Band 7
Maximum Deviation, % —1.694 —0.405 4.885 —0.806 1.923 —0.077 0.112
Altitude, km 43.00 0.00 55.00 0.00 55.00 0.00 8.00
Frequency, GHz 354.50 353.84 354.50 353.84 354.51 354.82 353.84
Band 8
Maximum Deviation, % —1.767 —0.327 —6.021 —0.706 8.022 —0.119 0.171
Altitude, km 43.00 0.00 55.00 0.00 55.00 43.00 55.00
Frequency, GHz 502.30 500.75 502.29 500.75 502.30 502.30 502.80
Band 9
Maximum Deviation, % 1.615 —0.406 7.893 —0.814 9.303 —0.079 0.268
Altitude, km 55.00 0.00 55.00 0.00 55.00 0.00 55.00
Frequency, GHz 543.80 543.80 544.37 543.80 544.42 544.79 543.80
Band 10
Maximum Deviation, % 1.356 —-0.319 —15.689 —0.654 8.780 —0.063 0.078
Altitude, km 33.00 0.00 55.00 0.00 55.00 0.00 48.00
Frequency, GHz 575.76 575.76 576.26 575.76 576.27 575.76 575.76
Band 11
Maximum Deviation, % 1.813 —0.402 15.829 —0.709 6.480 —0.135 0.145
Altitude, km 33.00 28.00 55.00 0.00 55.00 55.00 28.00
Frequency, GHz 625.86 625.97 625.37 624.87 625.92 626.03 625.87
Band 12
Maximum Deviation, % 1.715 —0.405 —14.005 —0.813 —11.260 0.096 0.395
Altitude, km 12.00 0.00 55.00 0.00 55.00 28.00 12.00
Frequency, GHz 649.95 649.95 649.45 648.95 649.45 649.45 649.95

“Listed are also the altitude and the frequency where the maximum deviation of each model occurs. MIR = MIRART, MOL = MOLIERE/5.
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Table 4. Specific Input of Those Parameters That Could Be Chosen Freely in Exercise 2

Line Shape®

Model Catalog® Low High Yi/Yp Continual Absorption®
ARTS H, 0! Vo, 0. - PWR, MPM93¢
BEAM B Vo - MPMO3 (H,0, dry air)
EORC J VVW - MPM93
KMM H VVW — MPM&9
MAES J (H) Lo Vo 20 MPM93
MOLIERE/5 \a VVW Vo 40 MPM93 (H,0, dry air)
SMOCO J (H) Vo - MPMO93

“The spectral line catalog used. ““J” is for JPL line catalog [Pickett et al., 1998], “H” is for HITRAN line catalog [Rothman et al., 1998], “B” is
for BEAMCAT catalog (cf. Appendix A), “V” is for Verdandi catalog (cf. Appendix A), and “J(H)” is the JPL catalog with pressure broadening

parameters from the HITRAN catalog.

°The line shape function used; some models use two different ones, one for low, one for high altitude (columns low and high, respectively). The
switch from low to high altitude takes place where the ratio y; /yp falls below a critical value, given in the column “vy/yp.” “Vo is Voigt (cf.
equation (9)), “VVW?” is Van Vleck—Weisskopf (cf. equation (8)), and “Lo” is Lorentz (cf. equation (7)).

“The model used for continuum absorption: MPM89,93 [Liebe, 1989; Liebe et al., 1993] and PWR model [Rosenkranz, 1993, 1998].
‘103, ClO, HCN, CO, HCIl, HNO3;, and N,O are from HITRAN, using hybrid line shape; H,O and O, continuum and lines are from PWR

[Rosenkranz, 1993, 1998]; and N, continuum is from MPM93.

°Simple Gaussian function used at higher altitude where vy /yp < 100.

fSelection of lines: all absorption lines between 0 and 700 GHz whose line center intensity exceeds 10 mK (with respect to 20, 35, or 50 km limb

view).

account for the increased role of the Doppler broad-
ening at greater heights. This line shape contributes
also to an expected distortion of the line profile,
overestimating it to the left of the line center and
underestimating to the right. In both the window bands
(i.e., band 2 and 5, Figures 5 and 6) the line intensities
are a bit overestimated by KMM. The peculiar devia-
tions of MIRART in band 5 at 28 km (Figure 6), i.e.,
peaks at about 149.8 and 150.6 GHz, are apparently
another consequence of the above mentioned different
temperature conversion scheme of line strength
MIRART uses: At the frequencies where these peaks
occur, there are minor lines of HNOj5, for which the
temperature conversion schemes seem to disagree.
Note that the lines at 149.8 and 150.6 GHz themselves
are hidden in the wing of stronger lines.

[39] In band 11 (Figure 7), some probably overlapping
artifacts in the right wing range cause an even higher
deviation than the deviation produced by the different
line shape. In addition, KMM shows a slight positive
offset (about 1% at 30 km, see Figures 5—7). For the HCI
line at 625.9 GHz (in band 11), the pressure shift has not
been considered by BEAM, the EORC model, KMM and
MIRART (see Figure 7, the asymmetric feature, a peak
followed by a depression).

6.3. Exercise 1B: Implementation of Continuum
Absorption

[40] The aim of this exercise is to check the imple-
mentation of the millimeter-wave propagation model,

MPMOI3 [Liebe et al., 1993], for water vapor continuum
and line absorption in the frequency range from 1 GHz to
1 THz. The oxygen and nitrogen absorption part of this
model is excluded from the calculation.

6.4. Discussion of Results (Exercise 1B)

[41] The models which participated in this exercise
were ARTS, BEAM, EORC model, MAES,
MOLIERE/S and SMOCO (KMM has MPM&9, not
MPMO93).

[42] The implementation check is found to give good
agreement to within 1% for the continuum part of
MPM93. However, a few inaccuracies in the MPM93
line list caused large discrepancies because these inac-
curacies were corrected to varying extent in the different
models. The problems/inaccuracies of MPM93 men-
tioned are as follows.

[43] 1. Missing isotopic ratios for two lines near
550 GHz, namely at 547.67 GHz, HzlgO (abundance:
0.00199983) and 552.02 GHz, H,'’O (abundance:
0.00037200); see also Kuhn [2004].

[44] 2. In MPM93, a line at 645.866 GHz has been
added while actually there should be two lines at
645.766 GHz and 645.905 GHz; see Bauer et al.,
[1989] and Kuhn [2004] for spectroscopic parameters.

[45] 3. An inaccuracy of the conversion formula (pro-
vided with MPMSS5 [Liebe, 1985]) from HITRAN format
to MPM format. It contains an approximation for large
lower state energies that may not be applicable for all
lines.
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Figure 8. Exercise 2. Top panels show absorption coefficient around H,O line at 183.31 GHz
(band 6), (left) altitudes 24 km and (right) 48 km. Bottom panels show relative deviation of the
different models from ARTS (in percent). Differences are apparently caused by differences in line

shape and in continuum absorption modeling.

6.5. Exercise 2: Model Differences

[46] The aim of this exercise is to investigate the
spread or variability among the models in absorption
calculations when the model-specific standard input is
used: Absorption coefficients were computed for speci-
fied atmospheric conditions (midlatitude winter, as
above, according to Anderson et al. [1986]) and frequen-
cies, but the remaining parameters, i.e., line shape, line
catalog, line selection, and continuum absorption were to
be chosen by the participants. The calculations were
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' BEAM MAES
—— EORC — — MOLIERE

== KMM = = SMOCO

9
5
< 7/
200 el : : ~
501 501.5 502 502.5
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carried out for a set of target species which have a
signature in the given frequency range. A standard
continuum absorption used by each model was added
to the line absorption. The spread of the results among
the models gives a rough idea about the discrepancy
between models under realistic conditions. The calcula-
tions were performed for the same 12 bands as in
exercise 1A (see Table 2). The specific input parameters
chosen for each model are listed in Table 4.

[47] Note that the oxygen absorption model of Rosen-
kranz was recently updated compared to the 1993
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Figure 9. Exercise 2. Top panels show absorption coefficient in the spectral range including C1O
line at 501 GHz and N,O line at 502 GHz (band 8), altitudes (left) 24 km and (right) 48 km. Bottom
panels show relative deviation of the different models from ARTS (in percent). Differences are
apparently caused by differences in line shape and in continuum absorption modeling.
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Figure 10. Exercise 2. Top panels show absorption coefficient around HNOj line cluster at
544 GHz (band 9), altitudes (left) 24 km and (right) 48 km. Bottom panels show relative deviation
of the different models from ARTS (in percent). Apparently, EORC model, MAES, MOLIERE,

and SMOCO considered some additional lines between about 544.2 and 544.35 GHz.

version (see ftp://mesa.mit.edu/phil/lbl rt). The update
affects the 118 GHz line broadening (updated as
described in the work of Schwartz [1997]) and the
submillimeter line intensities (updated using HITRAN96
line intensities). This new version was used for the ARTS
calculations.

6.6. Discussion of Results (Exercise 2)

[48] In general, near line centers, all models yield
absorption coefficients within about 10% of each other.
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Figure 11.

However, in the line wings where the absorption coeffi-
cient is very low, the different line shapes and continuum
absorption models chosen by the different models result
in very high relative differences because of the very low
absolute values (see, e.g., Figures 8 and 9). The same
applies for lines taken into account by one model but
ignored by another (see Figure 10), and for discrepancies
of line center frequencies (see Figure 11). Note that
differences in the continuum models are usually not
critical for applications such as trace gas retrievals since
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Exercise 2. Top panels show absorption coefficient around CO line at 576 GHz

(band 10), altitudes (left) 24 km and (right) 48 km. Bottom panels show relative deviation of the
different models from ARTS (in percent). Apparently, there are discrepancies in the center

frequency of the line near 576.6 GHz.
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Table 5. AMSU-B Channel Characteristics

Center Frequency, Bandwidth of Passbands,

Channel GHz MHz
16 89.0 £ 0.9 1000
17 150.0 £ 0.9 1000
18 183.31 £ 0.9 500
19 183.31 £ 3.0 1000
20 18331 £ 7.0 2000

continuum absorption can be retrieved from the mea-
surement (see also section 8.6). In contrast, discrepancies
in the lines, such as missing or additional lines
(Figure 10), errors in line center frequencies (Figure 11)
or in line broadening parameters may lead to large
systematic retrieval errors.

7. Radiative Transfer Intercomparison

[49] The radiative transfer intercomparison was carried
out for checking the implementation (exercise 3) and
inspecting the variability (spread) among the models
when input parameters were free (exercise 4). For each
exercise the calculations were performed for three dif-
ferent configurations that correspond to three typical
sensor types in atmospheric sounding: (1) a down-
looking sensor like Advanced Microwave Sounding

Spectra Intercomparison (Down): za =130 deg
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Unit-B (AMSU-B) [Vangasse et al., 1995], (2) a limb-
looking sensor like Millimeter-wave Acquisitions for
Stratosphere/Troposphere Exchange Research (MAS-
TER) [Reburn et al., 2000], and (3) an up-looking sensor
like RAM [Langer et al., 1996]. For each configuration
and exercise, specific input was provided.

[50] In order to simulate the effect of the sensor, the
characteristics of (1) the antenna, (2) the radiometer
(particularly the mixer and receiver), and (3) the spec-
trometer were specified: The antenna pattern, the sideband
ratio, and the spectrometer’s channel response functions.

[s1] The characteristics of the down-looking sensor
were chosen to simulate AMSU-B: The AMSU-B chan-
nel characteristics are given in Table 5. The sensor was
assumed to have a perfect antenna (i.e., the antenna
pattern is a delta function), and to be a perfect double
sideband receiver (both sidebands have equal weight).
The spectrometer was assumed to have a perfect rectan-
gular response function with a width equal to the
bandwidth of the passband corresponding to each chan-
nel. The viewing angle, by which we shall always mean
the zenith angle of the sensor’s pointing direction, ranges
from 130° to 180° (nadir-looking), in steps of 1°. The
platform altitude was assumed to be 833 km, the ground
temperature 271 K and the ground surface emissivity 1.0.

[s2] The characteristics of the limb-looking sensor
were chosen as follows: The simulated antenna is

Spectra Intercomparison (Down): za =180 deg
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Figure 12. Exercise 3, down-looking geometry. Top panels show monochromatic spectra
calculated by ARTS, MAES, MIRART, and MOLIERE/S and bottom panels show the absolute
deviation from ARTS. The plots are for the extreme viewing angles (left) 130° and (right) 180°, i.e.,
nadir. Each plot is subdivided into three frequency ranges: The leftmost contains the two sidebands
of AMSU channel 16, and the middle one contains the two sidebands of AMSU channel 17. The
rightmost one contains the two sidebands of each of the three AMSU channels centered around the
H,O line at 183.31 GHz (cf. Table 5): channel 18 (innermost pair of curve segments), channel 19,

and channel 20 (outermost pair).

14 of 28



RS1007

Table 6. Exercise 3, Down-Looking Geometry*

Model
Zenith

Angle, deg MAE MIR MOL

Channel 16
130 —0.04 —0.95 —0.64
140 —0.02 —1.01 —0.69
150 —0.02 —1.05 —0.71
160 —0.01 —1.06 —0.72
180 —0.01 —1.07 —0.73

Channel 17
130 —0.26 —0.74 —0.50
140 —0.15 —0.84 —0.58
150 —0.11 —0.89 —0.61
160 —0.09 —0.92 —0.63
180 —0.08 —0.94 —0.64

Channel 18
130 —-3.92 —0.58 —0.07
140 —3.54 —0.56 —0.05
150 —3.30 —0.57 —0.04
160 —3.16 —0.55 —0.04
180 —3.06 —0.54 —0.05

Channel 19
130 -3.70 0.02 —0.08
140 —-3.29 0.01 —0.07
150 —3.03 —0.00 —0.07
160 —2.86 0.00 —0.08
180 —2.74 —0.00 —0.08

Channel 20
130 —2.39 —0.06 —0.11
140 —1.86 —0.15 —0.16
150 —1.56 —0.22 —0.19
160 —1.38 —0.25 —0.22
180 —1.26 -0.29 —0.24

“Deviation of brightness temperatures (in K) as would be recorded by
sensor (AMSU-B), calculated by MAES, MIRART, and MOLIERE/S
from those calculated by ARTS, for the 5 channels of AMSU-B and
various viewing angles (180° = nadir).

assumed to have a Gaussian pattern, with a width of the
main beam (full width at half maximum (FWHM) of the
Gaussian function) of 0.07°. A perfect single sideband
sensor was assumed, and a spectrometer where all 350
channels have the same Gaussian response function with
a FWHM of 20 MHz, covering a frequency range from
498.5—-506.25 GHz. The assumed platform altitude was
800 km, the tangent altitude range is 60—10 km in steps
of 2 km. Surface temperature of the ground was assumed
to be 272 K, ground surface emissivity 1.0.

[53] The characteristics of the up-looking sensor were
chosen as follows: The sensor is assumed to have a
perfect antenna (pencil beam), and be a perfect single
sideband receiver. All 2400 channels of the spectrometer
are assumed to have a Gaussian response function with a
FWHM of 0.5 MHz, covering the frequency band from
141.58—142.78 GHz (O3 absorption line). Viewing (i.e.,
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RS1007

zenith) angles range from 0° (zenith) to 80°, in steps of
4°, The platform altitude was assumed to be 10 km (as
for an airborne up-looking instrument).

7.1. Exercise 3: Radiative Transfer Implementation

[s4] The aim of this exercise is to investigate the
differences between the models due solely to the numer-
ical solution of the radiative transfer equation (1). The
three geometries, limb, up, and down looking, were
considered. For each geometry of concern a standard
set of absorption coefficient spectra was used as input,
calculated by using the HITRAN database, H,O and N,
continuum model by Liebe [1989], O, continuum model
by Rosenkranz [1993]. The atmospheric scenario, again,
was midlatitude winter [Anderson et al., 1986].

[s5] For given specifications, the precalculated absorp-
tion spectra were used to derive the spectra of pencil
beam monochromatic brightness temperature (““mono-
chromatic (pencil beam) spectra’) for a set of viewing
directions specific to each geometry, and the spectra as
would be recorded by the sensor with given character-
istics (antenna pattern, spectrometer response, sideband
ratio). Two sets of calculations were performed, one with
the input absorption coefficients given on a coarse grid
(45 pressure grid points corresponding to altitudes
between 0 and 95 km, spaced about 1 to 5 km apart),
the other with the input absorption coefficients given on
a fine grid (264 pressure grid points corresponding to
altitudes between 0 and 95 km, spaced about 160 to
750 m apart). Refraction of the radiation by the
atmosphere was not considered.

7.2. Discussion of Results (Exercise 3)

7.2.1. Down-Looking (AMSU-B Type)

[s6] Participating models: ARTS, MAES, MOLIERE/5,
MIRART. Monochromatic pencil-beam spectra for the
extreme viewing angles of 130° and 180° (nadir) are
shown in Figure 12, and the “spectra” as would be
recorded by the sensor AMSU-B (here just an average
over each band), for various viewing angles, are shown
in Table 6. In the two window channels (16 and 17), all
models are well within less than 1 K of each other. In the
three water vapor channels (18 to 20), they are even
closer, except for MAES which deviates by up to 4 K.
The cause is very likely to be in the radiative transfer
calculations, for MAES was very close to ARTS in the
line shape implementation test (exercise 0) and the
absorption calculation test (exercise 1 and 2). Note that
all results shown here are from calculations on the fine
grid. The spectra calculated on the coarse grid were not
significantly different.

7.2.2. Limb-Looking (Master Type)

[57] Participating models in this exercise are ARTS,

EORC, MAES, MIRART, MOLIERE/5 and SMOCO.

15 of 28



RS1007

RMS of absolute deviation (Fine—mono)

604

50 L’ << EORC
T 4 » MAES
=,
3 -MIRART
2 303
© ** MOLIERE

20

4 SMOCO
10
0 0.2 0.4 0.6 0.8
rms diff. [K]

Figure 13. Exercise 3, limb-looking geometry. Root
mean square of the absolute deviation of the monochro-
matic pencil beam spectra with respect to ARTS as a
function of tangent altitude.

7.2.2.1. Monochromatic Pencil-Beam Spectra

[s8] Figure 13 displays the root mean square of the
absolute deviation from ARTS calculations as a function
of tangent altitude. Figure 14 shows the brightness

Spectra Intercomparison (Limb—mono): alt =16 km
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temperature, and the absolute deviation from ARTS for
two particular tangent altitudes (16 km and 46 km).

[s9] ARTS and MOLIERE/S almost exactly match
(difference less than 0.02 K). SMOCO results are also
close to ARTS results. The only notable deviation
appears at only one altitude around 11 km; the deviation
from ARTS at other altitudes is less than 0.08 K. The
EORC model and MIRART deviate by at most 0.2 K (at
11 km), but less than 0.01 K (EORC model) and 0.1 K
(MIRART) at altitudes above 25 km. MAES shows a
noteworthy deviation of about 0.7 K only at the lowest
altitudes; otherwise, it is within 0.1 K of ARTS. Note
that in the used atmospheric scenario (midlatitude winter
from AFGL data base, see section 6.1), the sharp
tropopause is at about 10.5 km, which explains the large
deviations at 11 km.
7.2.2.2. Spectra As Would Be Recorded by the
Sensor

[60] Figure 15 displays the root mean square of the
absolute deviation from ARTS as a function of tangent
altitude. Figure 16 shows the brightness temperature and
the absolute difference for two tangent altitudes (14 km
and 46 km). The agreement between all models except
MIRART at low altitudes is rather good, with differences
below 0.1 K, up to tangent altitudes of 30 km. Above
30 km the deviation of all the models from ARTS and
EORC model is increasing with increasing altitude
(Figure 15), MAES, MOLIERE/S, and SMOCO reach-
ing a value of about 0.5 K at altitudes of 50 km.
MIRART deviates slightly more, up to 1.3 K at 40 km,

Spectra Intercomparison (Limb—mono): alt =46 km
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Figure 14. Exercise 3, limb-looking geometry. Top panels show monochromatic spectra, and the
bottoms panels show absolute deviation with respect to ARTS for all the participating models. The
results are displayed for tangent altitudes of (left) 16 km and (right) 46 km.
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Figure 15. Exercise 3, limb-looking geometry. Root
mean square of the absolute deviation of spectra as
would be recorded by the sensor, with respect to ARTS,
as a function of tangent altitude.

and 3 K at the lowest altitudes. Investigating the
deviation as a function of frequency, we found a maxi-
mum of 15 K for MIRART at only a few grid points
resulting from the use of a different frequency grid
internally in MIRART. The deviation of MIRART at

Spectra Intercomparison (Limb—sensor): alt =14 km
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14 km (Figure 16, left plot) is probably caused by the
different numerical quadrature scheme MIRART uses
(see Appendix A) for calculating the radiative transfer,
i.e., the Schwarzschild equation; similar deviations
have been found between results calculated with just
one model, MIRART, but using different quadrature
schemes.

[61] Apart from that, MIRART matches well as is seen
from the root mean square deviation mentioned above. In
this sense the root mean square deviation is a better
measure for the overall agreement of two models than the
maximum deviation that is possibly only found at a few
frequency grid points.

7.2.3. Up-Looking (RAM Type)

[62] The models participating in this exercise are
ARTS, KMM, MAES, MIRART and MOLIERE/S.
Figure 17 shows the brightness temperature and the
absolute difference with respect to ARTS for two partic-
ular viewing angles (0° = zenith, 80°); Figure 18 shows
the root mean square of the absolute deviation
of the monochromatic pencil-beam spectra from ARTS
as a function of viewing angle, i.e., zenith angle, and
Figure 19 shows the root mean square of the absolute
deviation of the spectra as would be recorded by the
sensor (RAM), as a function of viewing angle.

[63] All the participating models agree very well for all
viewing angles. The differences from the reference
model ARTS are very small and mostly at the line
centers. As a general feature, the deviation from ARTS
increases with increasing viewing angle (or, in other

Spectra Intercomparison (Limb-sensor): alt =46 km
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Figure 16. Exercise 3, limb-looking geometry. Top panels show spectra as would be recorded by
sensor, and bottom panels show absolute deviation with respect to ARTS for all the participating
models. Tangent altitudes (left) 14 km and (right) 46 km.
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Spectra Intercomparison (Up—mono): za =80 deg
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Figure 17. Exercise 3, up-looking geometry. Top panels show monochromatic spectra calculated
by ARTS, KMM, MAES, MIRART, and MOLIERE/S, and the bottom panels show absolute
deviation from ARTS for all the participating models. Viewing angles (left) 0°, i.e., zenith-looking,

142.8

and (right) 80°.

words, ARTS deviates from the other models with
increasing viewing angle). However, the deviation is
generally below 0.2 K. The simulations also show that
maximum difference between the models occurs close to
the line center and then diminishes toward the line wings.

7.3. Exercise 4: Model Differences

[64] The aim of this exercise is to inspect the variabil-
ity (spread) among the models when they use their
standard inputs: The radiative transfer calculations

Lorentz to Voigt line shape: The threshold altitude was
set to the altitude where the pressure broadening width
v; becomes twice the Doppler broadening width yp. The
Lorentz line shape function is used at altitudes below the
threshold.

RMS of absolute deviation (Fine—mono)
80 e :

were carried out for given atmospheric conditions 70 i

corresponding to the midlatitude winter [Anderson 60 It

et al., 1986], and for given sensor characteristics, but : GOKMM

all other parameters (spectroscopic data, line shape, line o3 50}

selection, continuum absorption model) were not fixed. _-3, <« MAES

As in exercise 2, the spread of the results among the o 40

models gives a rough idea about the discrepancy between 2

models under realistic conditions. © 30 “-MIRART
[6s] The comparison was carried out for all three

configurations mentioned above (exercise 3), i.e., 20 +%MOLIERE

AMSU-B type (down-looking), MASTER type (limb-
looking), and RAM type (up-looking) with the same
sensor characteristics as in exercise 3. For a given set of
viewing directions, the spectra as they would be recorded
by the sensors were calculated. In contrast to exercise 3,
refraction was to be taken into account.

[66] The calculations with BEAM, EORC, KMM, and
SMOCO used the same setup as in exercise 2 (see
section 6.5, Table 4). MAES used the same setup except
for a different threshold altitude for the switch from

-
o

o

0.1
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Figure 18. Exercise 3, up-looking geometry. Root
mean square of absolute deviation of monochromatic
spectra with respect to ARTS, as a function of viewing
angle.
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Figure 19. Exercise 3, up-looking geometry. Root
mean square of absolute deviation of spectra as would
be recorded by the sensor, with respect to ARTS, as a
function of viewing angle.

[67] ARTS used the same setup as in exercise 2 except
for the continuum model for N, for up- and down-
looking geometry: Here, the model by Rosenkranz
[Janssen 1993, chapter 2] was used.

[68] The setup for MIRART: HITRAN line catalog;
Voigt line shape function with a prefactor of (1/v,)* and a
line-wing cutoff at 10 cm~'. For H,O lines: a cutoff at
25 cm™ and subtraction of Fyig(25 em™ ")) was used,
appropriate for the CKD continuum absorption model
(cf. Appendix A).

[69] The setup of MOLIERE/S is the same as in
exercise 2, except for different selection criteria of the
absorption lines included in the calculations: For the
limb-looking (MASTER-E type) configuration, all lines
between 477 and 527 GHz having a minimum contribu-
tion of 10 mK to the target interval (496.9 to 507.1 GHz)
were selected; cosmic background was taken into
account. For the down-looking (AMSU-B type) configu-
ration (three separate frequency ranges, see Table 5),
lines between 69 and 89 GHz, between 130 and 150 GHz,
and between 163.31 and 183.31 GHz having 10 mK
sensitivity with respect to target intervals (87.6 to
88.6 GHz, 148.6 to 149.66 GHz, and 175.31 to
182.66 GHz, respectively, and corresponding image
bands) were selected; the ground was treated as a
blackbody at the temperature of the lowest atmospheric
layer. For the up-looking (RAM type) configuration,
lines between 122.175 and 162.175 GHz having 10 mK
sensitivity with respect to target interval (141.57 to
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142.78 GHz) and the corresponding image band were
selected; cosmic background was taken into account.

7.4. Discussion of Results (Exercise 4)

7.4.1. Down-Looking

[70] Data from ARTS, MAES, MIRART and
MOLIERE/S are available in this exercise. The absolute
deviation of the results from ARTS is shown in Table 7.
The highest deviations of about 4 K occur at channel 19
and 20 for MAES, and at channel 16 for MOLIERE/S.
Deviations are the larger, the more off-nadir the viewing
angle (i.e., the longer the path through the atmosphere).
They are probably caused by differences in the contin-
uum absorption modeling.

7.4.2. Limb-Looking

[71] The models which participated in this exercise are
ARTS, EORC model, MAES, MIRART, MOLIERE/5
and SMOCO. The RMS deviations of the different
models from ARTS are shown in Figure 20. The results
for tangent altitudes of 12 km and 52 km are shown in
Figure 21.

[72] At low altitudes the smallest deviations are found
in the line centers and the largest deviations are found in
the wings. This can be mainly explained by the different
continuum absorption models which have been used to
calculate the absorption coefficients. Absolute deviations
are around 20 K. MOLIERE/5 is 20 K higher than
ARTS, MIRART is 20 K lower. EORC model and
MAES and SMOCO are very similar.

Table 7. Exercise 4, Down-Looking Geometry®

Model
Zenith Angle,

deg MAE MIR MOL
Channel 16

130 0.80 —5.76 —4.72

180 0.89 —3.31 —2.51
Channel 17

130 —0.29 —3.81 —2.65

180 0.37 —2.32 —1.39
Channel 18

130 —-3.71 —0.20 —0.42

180 —-2.71 —0.04 —0.13
Channel 19

130 —4.25 —0.90 —1.70

180 -3.10 —0.63 —1.20
Channel 20

130 —3.32 —2.38 —2.46

180 —1.74 —1.73 —1.58

“Deviation of brightness temperatures (in K) as would be recorded by
sensor (AMSU-B), calculated by MAES, MIRART, and MOLIERE/5S
from those calculated by ARTS, for the 5 channels of AMSU-B and the
two extreme viewing angles.
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Figure 20. Exercise 4, limb-looking geometry. Root
mean square of absolute deviation of spectra as would be
recorded by the sensor, from ARTS, as a function of
tangent altitude.

[73] At higher altitudes both a shift in the line center
frequency and a difference in the line intensities are seen.
These are explained by the different spectroscopic data
which have been used. For example, at 22 km, in most
parts of the spectrum, MOLIERE/S is about 5 K higher

Spectra Intercomparison (Limb-sensor): alt =12 km
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MELSHEIMER ET AL.: RADIATIVE TRANSFER MODEL INTERCOMPARISON

RS1007

than ARTS, whereas MIRART is about 3 K lower than
ARTS. The biggest deviation of about 40 K (MAES) can
be seen at 52 km at about 500.44 GHz (Figure 21, right
panel). It is probably caused by a shift of the line found
at this frequency: The line is so narrow that it will be
sampled differently by the frequency grid, resulting in a
different peak value. Since the spike is very narrow, it
does not have much weight in the root mean square plot
(Figure 20). Note that, for limb-looking geometry, nei-
ther differences in continuum absorption modeling nor
frequency shifts cause much harm in retrieval, as
explained below (section 8.6). However, discrepancies
coming from the radiative transfer calculations or the
instrument model can cause large systematic retrieval
errors.

7.4.3. Up-Looking

[74] The models participating in this exercise are
ARTS, KMM, MAES, MIRART, and MOLIERE/S.
The results for viewing angles of 0° (i.e., zenith) and
60° are shown in Figure 22.

[75] The largest deviation of several K from ARTS is
shown by MAES at a viewing angle of 60° where a shift
in the line center can be seen (Figure 22, right panel).
The different line center frequency is explained by the
different line catalogs used by different models. The
same feature is observed for MOLIERE/S: a shift in
the line center frequency. In addition, MOLIERE/S is
about 3 K higher in the far wings. The deviation in the
line wings can be explained by the different continuum
absorption models, (N,, O,, and H,0O) and the line

Spectra Intercomparison (Limb-sensor): alt =52 km
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Exercise 4, limb-looking geometry. Top panels show spectra as would be recorded by

a sensor, calculated by ARTS, EORC model, MOLIERE/5, MAES, and SMOCO. Bottom panels
show absolute deviation from ARTS. Tangent altitude (left) 12 km and (right) 52 km.
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Spectra Intercomparison (Up—sensor): za =60 deg
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Figure 22. Exercise 4, up-looking geometry. Top panels show spectra as would be recorded by a
sensor, calculated by different models. Bottom panels show absolute deviation from ARTS.
Viewing angle 0°, i.e., (left) zenith-looking and (right) 60°.

selection of the far out-of-band lines. Apart from that, all
differences are of the order of 1 K.

8. Lessons Learned, Summary

[76] The paper so far has presented only the final
version of the intercomparison, which was achieved in
several iterations over the course of two years. The
purpose of this section is to describe the problems
that were encountered in the process, as well as to
reflect on the lessons that can be learned from this
activity.

8.1. The First Try

[77] When the intercomparison was planned, it was
clear that it would be necessary to distinguish
between actual model differences and differences
due to different choices of (sometimes uncertain)
model input parameters. Therefore exercise 1 and 3
were set up to test the implementation of absorption
calculation and radiative transfer, respectively, and
exercise 2 and 4 were set up to test the absolute
uncertainties, including uncertainties in model param-
eter choices.

[78] At the beginning of the intercomparison, detailed
descriptions of the exercises were given to the partic-
ipants. Although the experience from several previous
intercomparison activities was used, it turned out that the
descriptions were not complete, or could easily be

misunderstood. The most prominent model parameters
suspected to be causing problems were:
8.1.1. Absorption

[79] 1. Line shape functions, including prefactors.

[s0] 2. Self-broadening (included or not).

[81] 3. Possible pressure shift for some lines, e.g., the
HCI line at 625.9 GHz.

[82] 4. Errors in the established MPM93 water vapor
absorption model, which had been corrected by some
participants, but had not been corrected by others.

[83] 5. Different partition functions used to convert
line intensities to temperatures other than the catalog
reference temperature.

8.1.2. Radiative Transfer

[s4] 1. Different interpolation strategies (atmospheric
properties as a function of altitude).

[85] 2. Brightness temperature units (Planck versus
Rayleigh-Jeans brightness temperatures).

[s6] 3. Surface emissivity for the down-looking case.

[87] 4. Misunderstandings in the sensor description.

[s8] 5. Cosmic background for up and limb-looking
cases.

[s9] 6. Handling of refraction.

[90] 7. Exact earth shape model (viewing angles rather
than tangent altitudes had been specified for the limb
cases, which made the calculations sensitive to the
assumed earth radius).

[o1] The discrepancies, particularly in the absorption
intercomparison, were so large that it was decided to add
an additional exercise 0 testing only the line shape. Also,
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all remaining unclear model parameters were fixed
explicitly for exercises 1 and 3 (brightness temperatures
should be Planck, pressure shift should be included, etc.).
In the following subsections, the lessons learned from the
individual exercises will be discussed in detail.

8.2. Exercise 0

[92] An important lesson learned was that it is essential
to start with the simplest possible case, before moving on
to more complex cases. It turned out that already in the
exercise of simulating absorption only for a single line at
the catalog reference temperature with an exactly pre-
defined line shape, that of equation (12), there is some
room for bugs and misunderstandings. These were
related to formats and units of spectroscopic data and
formats and units of output files to be delivered. After
these issues were resolved, the agreement between the
models was excellent.

[03] The next thing to check with exercise 0 was the
implementation of the temperature dependence of the
line strength. Differences here come from different
approaches for temperature dependence of the partition
function, and from implementation differences in the
line width and line broadening. It turned out that for
the case investigated they can reach up to about 1.5%
in the case of one model (BEAM), but are generally
much lower.

[04] It should be noted that the partition function
depends on molecular species, so errors could be
somewhat larger for other species. Nevertheless, our
conclusion is that discrepancies resulting from
the partition function should normally be well below
1% and therefore be small compared to other
uncertainties.

8.3. Exercise 1

8.3.1. Line-by-Line Calculation

[95] Those models that were close in exercise 0 were
also close here, as expected. After all model parameters
had been tied down and all misunderstanding about units
and file formats had been resolved, errors were mostly
below 1.5%. This shows that the models work consist-
ently for consistent input and that the line-by-line imple-
mentation contains no significant bugs.
8.3.2. Continuum Absorption

[96] Participants were asked to simulate total water
vapor absorption from the Liebe MPM93 model. An
interesting result of this was that intensities of isotopic
water vapor lines in MPM93 are wrong (see section 6.4).
This was already known to some participants, but not to
others. It seems not to have been documented in the
literature so far.

[97] Otherwise this exercise presented no major prob-
lems. It should be noted, however, that there is a large
uncertainty in the MPM93 model itself. The MPM93
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model was just chosen as an example because most
participants had already implemented it, not because it
is believed to be the most accurate water vapor absorp-
tion model. Certainly, the uncertainties within the water
vapor absorption model by far exceed the uncertainties in
the implementation.

8.4. Exercise 2

[98] When participants are given the choice to imple-
ment their own best effort for line spectrum and contin-
uum, differences are much larger, corresponding to about
10% near the center of major absorption lines. In the line
wings/window regions, where the absolute value of the
absorption coefficient is very small, the same absolute
differences correspond to very high relative differences
of tens or even hundreds of percent (which is why
relative differences are not very meaningful in this
context); the same applies for discrepancies of line center
frequencies and for absorption lines that are not consid-
ered by all models. This confirms that the spectroscopic
assumptions are the largest source of uncertainty for the
calculation of absorption coefficients. The important
uncertain factors are (1) the spectral line database, (2)
the line shape function, and (3) continuum absorption
modeling. These uncertainties can only be reduced by
studies comparing predicted absorption to measured
absorption, preferably in the laboratory.

8.5. Exercise 3

[99] There were found to be no fundamental prob-
lems with the radiative transfer calculation itself, only
interpolation effects, which can lead to brightness
temperature differences of up to 3 K for the limb
looking geometry. For down and up-looking geometry
the differences due to interpolation effects are only up
to 0.1 K. How a model interpolates for example the
atmospheric temperature between the altitudes where it
is given is largely a matter of definition. (The only
demand is that it should be clearly documented what
the model is doing, so that the user can take it into
account when interpreting the results.) To eliminate
this problem one has to do the intercomparison for a
very fine altitude grid, for which interpolation effects
become negligible.

8.6. Exercise 4

[100] With free model parameters, model differences
are much larger. They can reach a few K for the up-
looking and down-looking geometries, and up to about
20 K for the limb geometry. The source of these dis-
crepancies are the differences in the absorption coeffi-
cient, i.e., in the spectroscopy (see section 8.4).

[101] The limb case is peculiar. Because of the long
limb path, small differences in the absorption can lead to
large differences in brightness temperature. These bright-
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ness temperature differences occur particularly in the line
wings and in the windows between spectral lines because
of the large discrepancies in the continuum between the
different models.

[102] Note that differences in continuum modeling do
usually not harm retrieval: For up-looking geometry,
usually a tropospheric correction is done, based, e.g.,
on a one-layer model of the troposphere, on an as-
sumption on the mean tropospheric temperature and on
the measured brightness temperature in some far line
wing or continuum channel. Thus the tropospheric
opacity and the emission by the troposphere can be
estimated which means that the forward model only
needs to deal with the stratosphere, i.e., line absorption/
emission. For limb-looking geometry, continuum ab-
sorption can be fitted during retrieval, provided the
frequency range does not just cover the center of a
strong line. Only for the down-looking case is the
absolute value of the absorption coefficient, including
continuum, critical. Frequency shifts can also be fitted
or corrected for in principle, although this is not always
easy in practice (S. A. Buehler et al.,, The expected
performance of the SMILES submillimeter-wave limb
sounder compared to aircraft data, submitted to Radio
Science, 2004).

[103] A study by von Clarmann et al. [2003a] that
compares retrieval results from several data processors
showed that despite some deviations of the forward
models, retrieved profiles are fairly close and the differ-
ences can largely be attributed to different approaches in
the inversion process, e.g., regularization, use of a priori
data, discretization.

9. Conclusion

[104] The intercomparison of eight clear-sky atmo-
spheric radiative transfer models showed little devia-
tion of model results from each other provided input
parameters and parameters governing the algorithm
(e.g., the line shape function) are the same. This
shows correctness of the numerical implementations,
but is not a validation in the strict sense (a real
validation can only be done by comparison with
measured data). With free input, the spread of the
results from the different models (which is an estimate
of the modeling error) was about 10% for absorption
calculations and a few K for simulated brightness
temperatures for up- or down-looking sensors. The
cause of such a spread are mainly uncertainties in
the spectroscopic data.

[105] Unfortunately, the question which radiative trans-
fer model best fits reality cannot be solved satisfactorily
by model comparison. The ultimate test is to measure
atmospheric state and radiance spectra simultaneously
and then directly compare simulated to measured radi-
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ances. This cannot be done for a model in general, but
rather individually for each application and configura-
tion. For the case of the down-looking instrument AMSU
and the ARTS model, e.g., this has already been done
[Buehler et al., 2004].

Appendix A: Relevant Details on the
Forward Models

[106] Here we present relevant details of the partici-
pating forward models that did not fit into Table 1 (e.g.,
where there was an “O” for “other” in a table entry).

Al. Atmospheric Radiative Transfer Simulator
(ARTYS)

[107] Absorption coefficients can be calculated line-by-
line from an external spectral line catalog, or they can be
calculated by some built-in absorption models. Besides
the catalog formats of JPL and HITRAN, the model
supports the MYTRAN format, which was defined by
Bauer et al. [1998], and a native catalog format, as
described by Buehler and Eriksson [2000].

[108] For the temperature conversion of the line
strength, partition functions are calculated from an inter-
nal polynomial representation, which is taken from the
TIPS-dst97 FORTRAN program [Gamache et al., 2000]
for those species included in TIPS. For the other species,
a polynomial fit to the tabulated partition function values
of JPL is used. Where not even that is available for some
isotopic species, the partition function for the main
isotope is used.

[109] Further details are in the ARTS User Guide
(by S. Buehler et al.; available at http://www.sat.uni-
bremen.de/arts/). The following additional continuum
absorption models are implemented: the model by
Ma and Tipping [2002] and the model by Cruz Pol
et al. [1998].

[110] The radiative transfer is calculated in equal dis-
tance steps along the line of sight, assuming a spherically
symmetric atmosphere. The absorption coefficients at
line-of-sight grid points are interpolated (linearly in
log p) from absorption coefficients precalculated on a
sufficiently fine pressure grid. Used for the intercompar-
ison was arts-1-0-64.

[111] Note that in an independent exercise [John et al.,
2002], ARTS was found to be in very good agreement
with a large group of operational radiative transfer
models for this sensor type which have been compared
in the work of Garand et al. [2001]. The bias found for
AMSU channel 18 was 0.37 K compared to the reference
model of the study by Garand et al. [2001]. Bias here
means the mean (over a set of atmospheric states) of the
difference between brightness temperatures from ARTS
and from the reference model, and the criteria for the
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quality of the agreement are the ones stated in the latter
study.

A2. Bernese Atmospheric Model (BEAM)

[112] BEAM uses an internal spectroscopic database
that was originally produced in 1995 from earlier ver-
sions of the JPL catalog [Poynter and Pickett, 1985] and
HITRAN [Rothman et al., 1992]. Today, the BEAMCAT
database [Feist, 2004, 1999b] can be used to produce
merged database files from the most recent versions of
these catalogs [Pickett et al., 1998; Rothman et al.,
1998].

[113] Line strength at a given temperature is calculated
by linearly interpolating the logarithms of the rotational
partition functions at 150, 225, and 300 K (as listed, for
example, in the JPL catalog) versus the logarithm of
temperature. Unlike many of the other models, BEAM
is a pure spectroscopic model that calculates only
absorption coefficients, not radiative transfer.

A3. EORC Model

[114] For the temperature conversion of the line
strength, the rotation-spin partition functions at any
temperature are computed by interpolating data at 150,
225, and 300 K which are taken from the JPL catalog. A
linear fit is adopted for the logarithm of the ratio of
partition functions with respect to the logarithm of the
temperature. However, it is also possible to select a
quadratic polynomial fit or a classical approximation
of the partition functions. Currently the electronic-
vibrational partition functions are simply set to 1. This
means their contributions are not estimated correctly
unless they are included in the rotation-spin partition
functions in the catalog. In the assumption of spherical
symmetry, the atmosphere is divided into spherical layers
and the absorption coefficients are calculated at the
boundaries of each layer in the line-by-line manner.

[115] For all observation geometries, this single layer-
ing is used for integrating the radiative transfer equation
recursively. The thickness of each layer should be small
enough to guarantee numerical accuracy and is deter-
mined by the user by taking the numerical efficiency
into account. Antenna integration, convolution with the
instrument line shape function, and some other functions
which are useful for simulating the forward processes in
heterodyne receivers are supported.

Ad4. Karlsruhe Millimeter-Wave Forward Model
(KMM)

[116] The ratio of the partition functions Q(7)/Q(T)
used in the temperature conversion of the line strength
(see equation (5)) is approximated by

O(Tv) Ty
or) T

(A1)
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for linear molecules and
o) \T

for asymmetric molecules, respectively, as suggested in
Janssen [1993].

[117] In the radiative transfer calculations the inhomo-
geneity of the atmosphere is taken into account by the
use of Curtis-Godson means (see equation (11)) of the
layers, for the pressure, temperature, and volume mixing
ratios. Not included in the forward model are the
pressure shift, antenna pattern, and channel character-
istics of the spectrometer.

AS. Millimeter Wave Atmospheric Emission
Simulator (MAES)

[118] Retrieval calculations are not included in the
MAES code. MAES can be used with separately
developed retrieval codes. The Voigt line shape func-
tion is calculated by simple integration. This integra-
tion is accurate but not as computationally efficient as
other approximations like the one by Hui et al. [1978].
However, since the altitude range where the Voigt
function is required is limited for the typical applica-
tion of MAES like stratospheric limb sounding, the
disadvantage by the increased computational demand is
negligible.

[119] The brightness temperature is obtained by inte-
grating the radiative transfer equation. MAES simply
integrates the equation by summing up the integrands
computed at every grid point along the line of sight.
The grid is iteratively divided into a finer grid until
the integration result converges. The absorption coef-
ficient is interpolated at each grid point from absorp-
tion coefficients calculated in advance at a sparse
height grid. Analytical Jacobians can also be calculated
in MAES.

A6. Modular Infrared Atmospheric Radiative
Transfer (MIRART)

[120] Apart from the HITRAN and JPL spectral line
catalogs, line parameters from HiTemp [Rothman et al.,
1995], SAO [Chance et al., 1994], or GEISA [Jacquinet-
Husson et al., 1999] spectral line catalogs can be used in
MIRART.

[121] The temperature conversion of the line strength
follows the scheme used in the ATMOS software
[Norton and Rinsland, 1991]. For the calculation of
the Voigt line shape function, MIRART uses an opti-
mized combination of the Humlicek [Humlicek, 1982]
and Hui-Armstrong-Wray [Hui et al., 1978] complex
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error function algorithm [Schreier, 1992] and switches
to pure Lorentz line shape in the far wings; a further
optimization similar in spirit to the work of Kuntz
[1997] exploits the equidistant wave number grid. The
wave number grid is chosen individually for each
altitude level and molecule. Furthermore a coarse grid
is used for contributions of lines outside the spectral
region of interest, whereas contributions near the line
center are calculated on a fine spectral grid. Additional
continuum absorption model: an empirical continuum
for the far infrared provided by K. Chance (private
communication, 1996) can be used.

[122] The solution of the radiative transfer equation
and the Lambert-Beer law requires the integration of
spatially varying quantities which are given only for a set
of discrete altitude points along the line of sight. These
integrals are, in contrast to the Curtis-Godson approach
or weighted means over each layer (see equation (11)),
calculated using standard numerical quadrature schemes.
MIRART has implemented a trapezoid quadrature
scheme, the method of overlapping parabolas, and a
piecewise cubic Hermite quadrature [Kahaner et al.,
1989]. Note that in addition to the present intercompar-
ison MIRART was also extensively cross-checked in the
framework of the AMIL2DA project [von Clarmann et
al., 2003a, 2003b].

A7. Microwave Observation Line Estimation and
Retrieval Code (MOLIERE/S)

[123] Spectroscopic line parameters are taken from the
Verdandi line catalog [Eriksson, 1999] which is basically
a merge of JPL line catalog data with line broadening
parameters (mainly from the HITRAN line catalog). By
converting to Verdandi format, the JPL, HITRAN and
MYTRAN [Bauer et al., 1998] line catalogs can also be
used.

[124] The ratio of the partition functions QO(74)/O(T)
used in the temperature conversion of the line
strength (see equation (5)) is approximated as a
third-order polynomial. The standard coefficients are
based on a polynomial fit to JPL values for a range
of atmospheric temperatures. Intensities, given in JPL
units in Verdandi, are converted to any temperature
using the formulation provided by the JPL catalog.
Absorption calculation includes pressure shift as
described by Pumphrey and Buehler [2000]. The
CO, continuum absorption is parameterized according
to Rosenkranz [1993]. Refractive indices, which are
used to correct the radiation path for the effects of
refraction, are obtained from MPMO93. For this inter-
comparison study, MOLIERE/4.98 was used, which
is identical to MOLIERE/S in the modules relevant
here (spectroscopy, radiative transfer, instrumental
functions).
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A8. SMILES Observation Retrieval Code (SMOCO)

[125s] The integration of the radiative transfer is done
iteratively for speed-up. SMOCO can deal with an
asymmetric atmosphere that has different molecular
mixing ratios in farther and nearer regions from the
tangent point along the line of sight. Note that SMOCO
is very similar to MAES. Their differences are: (1)
SMOCO uses Kuntz’s approximation [Kuntz, 1997] to
calculate the Voigt line shape function while MAES uses
a much simpler integration for it, (2) SMOCO integrates
the radiative transfer equation using an iterative approach
while MAES integrates directly. The main reason for
these differences is that SMOCO, being the retrieval
code for the ground segment of SMILES, has to put
emphasis on speed.
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