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ABSTRACT

Limb infrared spectra calculated by the KOPRA,
GENLN2. RFM, and SPIRT radiative transfer al-
worithms were intercompared with special emphasis
ou non-local thermodynamic equilibrium emission.
The overall agreement is usually better than ap-
proximately 0.5 percent except for single phenomena
which have been assessed in more detail.  Most
spectral radiance discrepancies occur also under
local thermodynamic equilibrium conditions and are
attributed to different treatment of far wings of lines,
integration schemes and mass-weighted averaging of
atmospheric state temperature and pressure along
slant path segments, as well as different spectral
sampling during the calculation of monochromatic
Additional differences in the non-local
thermodynamic  equilibrium  case are presumably
due to the different treatment of inhomogeneities of
vibrational temperatures with height during numeric
integration of radiative transfer.

radiances.

1. INTRODUCTION

Satellite remote sensing measurements, in partic-
ular limb radiance measurcments, are widely used for
the investigation of temperature, gas and aerosol com-
position and the dynamics of the middle atmosphere.
The interpretation of limb infrared measurements
at large tangent altitudes requires accounting for
non-local thermodynamic equilibrium (non-LTE). All
approaches to the solution of the inverse radiative
transfer problem under non-LTE require the caleu-
lation of the non-LTE radiance spectra as one step
of the overall processing sequence. Thus, radiative
transfer algorithm intercomparison, in particular
under consideration of non-LTE, is necessary for
the estimation of quality and reliability of the final
results. For this purpose, the Remote Sensing of the
Middle Atmosphere (RSMA) working group of the
International Radiation Commission (IRC) launched
the study on intercomparison of non-LTE radiative
transfer codes, which is presented here.
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Four different groups participated in this study
with their radiative transfer codes. These are the
Institute for Meteorology and Climate Research at
Karlsruhe University and Forschungszentrum Karl-
stuhe with the Karlsruhe Optimized and Precise
Radiative Transfer Algorithm (KOPRA) (Stiller et al.
1999), Ozford University with the Reference Forward
Model  (RFM)  (http://www.atm.ox.ac.uk/RFM/),
the National Center for Atmespheric Research with
GENLN2 (Edwards et al. 1993) and the St. Peters-
burg University with Simulation Program for Infrared
Radiativer Transfer (SPIRT) (Hollweg et al. 1995).

3. DEFINITION OF THE EXERCISE

The intercomparison exercise has been organized
in two parts, a high spectral resolution intercom-
parison (0.01 em™') and a medium resolution (1.0
«m™?} intercomparison. The spectral ranges under
investigation were 675.5 - 676.5 cm™! (microwindow
1) and 967.0 - 968.0 cn™! (microwindow 2) for the
high resolution exercise, and 640.0 - 680.0 cm ™! and
900.0 - 1100.0 cm™!. respectively, for the medium
resolution exercise.  For all cases a rectangular
instrument function was assumed. Tangent altitudes
of 40. 60, 80 and 100 km were considered. For each
part of the exercise limb radiance spectra had to
be provided for four different atmospheric models:
midlatitude day {md}), midlatitude night (mn). polar
summer (ps), and polar winter (pw). The complete
set of input data can be found on the internet
(http:/ /www.fzk.de/imk /imk2/ame/irc/index.html}).
QOuly contributions of CO; and (3 were considered.
In order to better trace discrepancies, all spectra had
to be provided for LTE and non-LTE conditions.
No standardization of internal layering, integration
stepwidth, monochromatic frequency grids or line
rejection criteria has been applied, since optimization
of such quantities was thought to be a characteristic
feature of each radiative transfer code.

4. INTERCOMPARISON OF SLANT PATH
COLUMN AMOUNTS

CO- slant path column amounts agree within
0.2% for all atmospheres and all tangent altitudes ex-
cept 100 km, where the differcnce between the highest
(RFM) and the Jowest (SPIRT) value is 0.37%. RFM
systematically calculates the highest CO, slant path
column amounts, followed by GENLN2. SPIRT slant

path column amounts are lowest, and KOPRA values
are between GENLN2 and SPIRT values, but closer
to SPIRT values. For Og, this type of differences is
of less systematic nature. In particular for 100 km
tangent altitude KOPRA calculates remarkably larger
slant path column amounts than the other codes {(up
to 1.6% for polar summer atmosphere). None of the
spectral differences discussed below can be directly
linked to differences in slant path column amounts.

5. LTE CASE

5.1 LTE High Resolution Intercomparison

An obvious difference between spectra is nu-
merous point-symmetric residual features between
GENLN?2 spectra and spectra calculated by the other
codes (Fig. 1). Since these features are not visible in
monochromatic spectra, they are to be attributed to
different numerical implementations of convolution
of the monochromatic spectrum with the instrument
line shape function.
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Figure 1: High resolution midlatitude day LTE-
spectra in microwindow 1 at 40 km tangent altitude.
Residuals here and henceforth are calculated with re-
spect to KOPRA.

At a spectral distance of approximately 0.025
cm™! from the center of the saturated fundamental
CO: line at 676.02 cm™! there are some further dif-
ferences between calculated radiances, which are axis
symmetric to the line center: SPIRT produces largest
signal in the line wing, and weakest signal at the line
center. GENLN2 produces a residual of the same
structure but smaller amplitude in comparison to KO-
PRA, while RFM and KOPRA agree better than 0.1
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fer in a non-homogeneous medium in case of saturation
depends largely on the details how the integration of
radiative transfer is performed mumerically, effective
Pr re and temperature layer mean vahies or inte-
gration stepwidths are candidate explanations.

Disregarding small-scale structures and focussing
on the large scale intercomparison of the 40 km tan-
gent altitude spectra, there is good agreement between
GENLN2 and KOPRA, while SPIRT and RFM, which
also agree well among each other, differ from GENLN2
or KOPRA by up to 3 percent (30 n'W/(cm? sr cm~1)
for midlatitude day). This effect cannot be attributed
simply to the CO2 continuum, which has been taken
into account by KOPRA but switched off for this par-
ticular exercise in case of RFM, because RFM pro-
duces higher radiances than KOPRA. Nor is the so-
called chi-factor likely to be an appropriate explana-
tion. because it should not affect spectra in a region of
25 cm ™! around the line center. Differences in the han-
dling of numerical integration, such as Curtis-Godson
approach versus direct integration approach, equidis-
tant layering versus optimized layering, mass-weighted
mean values of pressure and temperature etc, seem to
be a more appropriate explanation.

The sccond microwindow is characterized by the
same type of differences: point-symmetric residuals
and  disagrecment with respect to the strengths
of certain lines, which are not discussed again.
Continuum-type differences arc not an issue here.

5.2 LTE Medium Resolution Intercomprison

In the spectral region of the CO, 15 um band,
for the tangent altitude of 40 km, the agreement be-
tween GENLN2 and KOPRA is almost perfect. Only
miner small-scale differences arc visible. At the band
head of the 15 um band all codes agree well. In the
P and R branch regions SPIRT and RFM agree quite
well among each other, while both produce larger ra-
diances than GENLN2 or KOPRA. Most probably the
same explanation as for the continuum problem in mi-
crowindow 1 of the high resolution exercise applies.

For tangent altitudes 60, 80, and 100 km, KOPRA
and RFM agree almost perfectly. The same is true
for SPIRT and GENLN2, with a few exceptions, in
particular at 649 and 663 em~!. Furthermore, the
average agreement between all four codes is good while
some structured residuals occur.

In the 10 pm region, RFM and KOPRA agree
well for tangent altitudes 40 and 60 km, while
both SPIRT and GENLN2 produce larger radiances
(Fig. 2). GENLN2 spectra again are characterized by

some point-symmetric residuals, similar as in the high
resolution exercise. At tangent altitudes 80 and 100
km, GENLN2 and RFM agree almost perfectly, except
for the point-symmetric features in GENLN2-spectra.
Besides this, differences between codes are below ap-
proximately 0.1 % at 80 km tangent altitude and below
1 % at 100 km.
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Figure 2: Medium resolution midlatitude day LTE-
spectra in channel 2 at 60 km tangent altitude.

6.

N-LTE CASE

6.1 Non-LTE High Resolution Intercomparison

For the 675.5 - 676.5 cm™! microwindow the same
characterization as for the LTE case applies, and there
is no evidence of non-LTE specific disagreement. In
the 967.0 - 968.0 em ™! microwindow, for tangent alti-
tudes 60 km and higher, there is some disagreement on
the signal of the CO; laser line at 967.71 cm~! (Fig. 3).
KOPRA returns the highest radiances, GENLN2 is
lower by 0.5, 0.3, and 0.5 % for tangent altitudes of
60, 80 and 100 km; RFM is lower by 0.6, 0.6, and
1.4 %, and SPIRT by 1.5, 1.5, and 2.7 % respectively.
Candidate explanations are primarily different numer-
ics for mass-weighted mean values of vibrational tem-
peratures or equivalent non-LTE representation, while
different or absent non-LTE correction of the partition
sum cannot explain discrepancies quantitatively.

6.2 Non-LTE Medium Resolution Intercompar-
ison

In the 15 pm-region all discrepancies have already
been discussed in the Section on the LTE intercom-
parison, and, as with the high resolution case, there is
no evidence for non-LTE specific problems.

In the 10 pm-region, as in the high resolution
case, differences increase remarkably with tangent
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Figure 3: High resolution non-LTE spectra for mid-
latitude day atmosphere at 80 km tangent altitude,
microwindow 2.

altitude, reflecting the major importance of non-LTE
in the higher atmosphere (Fig. 4). At 40 km, SPIRT
radiances are largest, followed by KOPRA, RFM, and
then GENLN2. At 60 km KOPRA and RFM agree
quite well, and between SPIRT and GENLN2 there
is also good agreement. The differences are strongly
correlated to the ozone signal. The signal of the CO»
laser bands near 960 and 1060 ¢cm~' is calculated
highest by KOPRA, followed by GENLN2, RFM, and
SPIRT.

7. CONCLUSION

The general agreement between calculated spectra
is good. Most of the remarkable differences in calcu-
lated radiances appear not to be linked to non-LTE
radiative transfer modelling but to radiative transfer
modelling in general. While most physical effects in-
volved meanw are quite well understood, the trade-
off between computational effectiveness and accuracy
leads to different choices of optimization parameters.
The carcful choice of these parameters (discretiza-
tion of the atmosphere, internal "monochromatic” fre-
quency grid. truncation of line-wings, rejection criteria
for week lines, cte) appears to be of major importance.
In particular the latter point deserves some further in-
vestigation with respect to non-LTE applications.

When using any of the four radiative transfer mod-
cls under investigation in the context of retrieval of at-
mospheric state parameters, the overall error budget
is by no means driven by uncertainties inherent in the
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Figure 4: Medium resolution non-LTE spectra for mid-
latitude day atmosphere at 100 km tangent altitude,
channel 2.

algorithms, neither in LTE nor in non-LTE. Even
the systematic part of the error budget is dominated
by radiative transfer input data - in particular
spectroscopic line data - rather than by algorithmic
uncertainties.
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