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ABSTRACT
GOMETRAN/SCIATRAN is a radiative transfer forward model developed for retrieval of atmospheric trace gas
concentrations, aerosol and cloud parameters, and surface reflectance from the spectral radiance measurements of
the SCIAMACHY/ENVISAT-1 and GOME/ERS-2 UV-Vis-NIR multi-channel spectrometers. For radiative transfer
modeling of the line absorptions of 02, H20, C02, CH4, N20, and CO, two different schemes are under development:
an accurate but rather slow line-by-line (LBL) implementation and a significantly faster correlated-k (c-k) distribution
scheme. The c-k scheme has been matched to the resolution of the instruments, which is channel dependent. In
spectral regions free of overlapping line-absorbers the multiply scattered radiance calculated with both, the LBL and
the c-k scheme, agrees within 1-2%. Calculations in c-k mode are a factor of 25-800 faster depending on spectral
interval. Good agreement has been found with the MODTRAN/DISORT radiative transfer model. First results
concerning a new method are presented indicating that overlapping line-absorbers can be modeled with similar
accuracy and speed as single line-absorbers.

Keywords: Radiative transfer, remote sensing, atmospheric chemistry, band model, k distribution, ESFT, SCIA-
MACHY, GOME, GOMETRAN

1. INTRODUCTION
A central part of almost any inversion algorithm aimed to retrieve geophysical information from remote sensing
measurements is an accurate and fast forward model that relates the desired geophysical parameters with the directly
measured quantities. GOMETRAN/SCIATRAN (GT/ST) is a radiative transfer (RT) forward model developed
for the retrieval of geophysical parameters from the spectral UV-Vis-NIR radiance measurements of the SCanning
Imaging Absorption spectroMeter for Atmospheric CllartographY (SCIAMACHY) 12 multi-channel spectrometer
(240-2380 nm) and for the similar Global Ozone Monitoring Experiment (GOME) (240-790 nm). SCIAMACHY
is expected to be launched on board the European Space Agency's (ESA) ENVISAT-1 satellite in the year 2000.
GOME on ESA's ERS-2 satellite has successfully been delivering data since its launch in April 1995. SCIATRAN is
an extension of the GOMETRAN RT model. ' 6 7 8 9

GT/ST has a unique capability especially important for atmospheric constituents retrieval: the so called weighting
functions, i.e. the derivatives of the radiance with respect to atmospheric (fit) parameters, like trace gas concentration,
pressure, temperature, and aerosol profiles as well as albedo, can be determined using a newly developed quasi-
analytical approach5 thus avoiding the need to rely on time consuming numerical perturbation schemes. These
weighting functions are needed by least-squares methods as, for example, the widely used optimal estimation scheme;
a variant of this method has been successfully developed for ozone profile retrieval from GOME data.'°

The topic of this paper is the modeling of line-absorbers in the UV-Vis-NIR spectral range within multiple
scattering RT codes. A molecular gas absorber in this context is defined to be a line-absorber if its absorption cross-
section can be calculated from spectroscopic line parameters such as line position, intensity, ground state energy
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etc. Line-absorbers in the SCIAMACHY spectral range are 02, 1120, GO2, Gil4, N2O, and CO. The cross-section
of line-absorbers generally show a strong dependence on wavelength, pressure, and temperature since individual
lines can be spectrally resolved. In contrast the (UV-visible) absorption cross-section of continuum-absorbers show
a rather smooth wavelength dependence compared with the spectral sampling of the instruments and generally a
relatively weak dependence on pressure and temperature (for instance 03 in the visible).

Two different schemes to model line-absorbers are under development for GT/ST. In addition to an accurate but
slow line-by-line (LBL) implementation a correlated-k (c-k) distribution scheme is being developed to significantly
reduce the computational burden of the forward model calculations in the retrieval process.

As the instrument's slit function full-width at half-maximum (FWHM) is larger than the width and the average
distance between spectral lines, individual spectral lines are not resolved and, therefore, time consuming monochro-
matic (LBL) RT calculations are not required. What is needed are slit function averaged radiances. The method of
choice for fast spectral mean radiance calculations within multiple scattering RT codes is the c-k approach. ' 12
13 14 A specific implementation of this method, optimized for SCIAMACHY and GOME, is described in this paper
focusing on three spectral regions: the H2O overtone and combination vibration-rotation absorption bands around
720 nm, the 02 A-band around 760 nm (Liv = 0 spin-forbidden b1E — X3> electronic transition), and the 1435
nm spectral region containing strong overlapping H2 0 and CO2 (overtone and combination vibration-rotation) ab-
sorption bands. The backscattered radiances in the 02 A-band provides important information on cloud parameters,
such as cloud top height and coverage,'5 and the 720 nm water bands are presently under investigation concerning
water vapor total column retrieval from GOME (S. Noel, priv. communication).

A short description of the SCIAMACHY and GOME instruments is given in Section 2. The current status of the
GT/ST RT model development is presented in Section 3. Sections 4 and 5 describe the LBL and the c-k distribution
scheme in detail. A comprehensive comparison of both methods in terms of accuracy and computer time follows in
Section 6. In Section 7 GT/ST radiances are compared with MODTRAN/DISORT'6 ' 18 radiance spectra.

2. THE SCIAMACHY AND GOME INSTRUMENTS
The SCIAMACHY instrument is a space-based spectrometer designed to measure the solar radiation scattered back
and reflected by the Earth's atmosphere-surface system in the 240-2380 nm spectral region. SCIAMACHY is a
national contribution to ESA's ENVISAT-1 satellite due for launch in late 1999 by Germany, the Netherlands, and
Belgium. SCIAMACHY will observe scattered light in nadir and limb viewing geometries (global coverage) as well
as transmitted light in solar and lunar occultation modes (mid- to high-latitudes). In addition the sun and the moon
are observed directly mainly for calibration but also for scientific purposes.'9

The spectral resolution of SCIAMACHY is about 0.2 nm (FWHM) in the UV (channels 1 and 2), 0.4 nm in the
400-1000 nm region (ch. 3-5), about 1.7 nm in the 1000-1750 nm near infrared (NIR) region covered by channel 6,
and about 0.2 nm in the NIR channels 7 and 8 (1940-2040 nm and 2265-2380 nm, respectively). Each of the eight
channels has a linear detector array comprising 1024 individual detector diodes.

SCIAMACHY has been designed to provide amounts and distributions of 03, NO2, BrO, 502, OC1O, ClO, H2CO,
GO, CH4, H2O, N20, pressure, temperature, cloud parameters (e.g. cloud top height and cloud cover) and the solar
irradiance as well as the earthshine radiance. A detailed description of the SCIAMACHY instrument, its scientific
objectives, mission planning and calibration aspects, retrieval schemes and expected retrieval precisions can be found
elsewhere.' 2 20 21

GOME on ERS-2 is essentially a small scale version of SCIAMAGHY limited to the nadir viewing mode and to
the 240-790 nm spectral region. The first four channels of GOME and SCIAMACHY are essentially identical. A
detailed description of the GOME instrument and its capabilities including operational and scientific data products
can also be found elsewhere.

3. THE GOMETRAN/SCIATRAN RADIATIVE TRANSFER MODEL
SCIATRAN is an extension of the GOMETRAN RT model.4 5 6 7 8 GT/ST solves the monochromatic scalar integro-
differential RT equation in plane-parallel geometry:

172

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/20/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



EL L 

I_mD oo noq o spuodsuoD j pu (mu oo >) ooo uq irj si a AHDVJAIVIDS ioj) iun juoss s mio SN uoq sq ([(°pj/anj_)dx — ]/[p/nq—)dxo — TI) uossui pnms qj 
() 

:sA&oIIoJ 0L iniodm OZUJJOJ (°L)s =: O Aisuoui uq 
PIfl3I1D q u L iniothu (a.)s Ic!sUu ou!I 1-UL popp q o OAeq suonqicuoc JflpTAIpUI 
soJu Jo uoipos-ssoi o onqquoo suq JJOAS Ansfl uoqisod iu uq 

ow ! 0fl pU 'uo!punJ diqs ouq MJ ST f 'L oiniodm Aiisuui uq s (j)ç (°n — n)f (a)s = (° — 
Aq UAT ! UH Iu1s JoJ (7 1? 3f UOiS-SSOJD uoqdiosq upudop pui inssid qj 

SUOIflP2 UOiS-SSOIZ uodiosq rjrj • 

popAoid si uotuMuIdmi moqos f[rJ 
Jo smrd uq 3docsoJpds woij suops-ssoi Jqiosq-uJ (upudp inidm pu inssid) 

-oJT_pouoU1 JO UOTflpc 1J JO uodwsp upojoj uj snsi ryj pndwoo Ajqnoioq oq o sq 
moT_ps OAEU1fI OJflDZ SSJ 1cjpiou nq isj Auy ssodind urpi ioj Ajuiu ppu suonj run 

SNOLLWII1D'PsTD (rJHrI) aMIIAHtEINfE .f 

. sUomoJnsom 
uo!Tn:Do run pu Jjos pu quiij SAH3yAVJ3g IflOiJ IA!i1 Diqdsoui ioj 'suoipunj 

UIPnTUI 'pOTU (outmsuii) uoqnxo pu (imo T3!1ids) q-'-' jo uuidoIAp oq s 1PM S 'siuri -id pou puq uonqqsip y-c uipnpui mu oo o dn sosq udoidth jo uoiuo ssiduio Aum 
(spou AHDVITVIDS I!PP UhJAO) NYH1VIDS O (spou II'\IOD UiAO) NVLIJOD J UOSuX 4J 

6NV}LLIJAIOD JO UOTSIOA UT-JJO U UiSfl paipom q U3 sjnojom ie 1cq uuis (3siou!) umj TUOOH uosid pipisuoz rc smio (inidm) uoips-ssoiz All uozo 
pue (oinidw pir inssid) Aiisup ir Ajuo suounj inidm pu inssid tp ioj opqj ioJ s IFM& S 'soIyoJd JOSOJ pu 'in2Jdm 'oinssid 'uotiuuo qiosq ioj piu q u 'simiid jins pu DJqdsom i& upi oj jo SA!AJop oq rT 'suo3unJ U!tJTOM iopjjoi 

uiqwij q o piopsuoz Apuosid s ;ins sqp oqj uxoips (y) Aripunoq ujju s spnop,, 
AiWiXOJdd1 nq iosj i (ii) pu josoi NYHJLIJAIOD 'T O ipms U1M4DS (Jy3) sioA s spnop,, 

MOIS 1OTJ nq iinxve u (i) SWq3S pnoj OA '(uorpoiunmuioz Aud 'ssnj f 'uooH i) suoqpuoirnuoi 
OJ"M UiAtOjOJ suo!InoI13 IJ UO psq ioso fqxj pdoJAp Aptou 

(!1) pu Tuips ioo MVHLMO1 psn AOpAt OT (0) suoizumnd ioso uopudoprn o 'uis TT!oIic:T pipds mu oo-o 'u ui sioqosq s eAopi ii suuoo NVHJ2JAIOD jo UO!SJA SOj 
•J!p13u 04 SOJ sTTrI? UIMMA J4iS-JO-UTJ JOJ 

pU noq o dn (vzs) siu qruoz ieios ioj SJflSJ OiflD SAI SJJ UOTY?1JJ Uipfl3Ui ( g1ipoidd 
rD!1ids opnsd,,) Aiuoo JDuqds in mi inos njos upjncp Aq pmxoidd rt spjjo poiqd 

. uon:eInm!s 
prAuoJ aiu ui dos uimnsuo oinq som 'piuo ui 's ipq uoqisodmozp xum jyj Aq pJJ zupi Jo uouodmo ioinoj qYe ioj id PAIOS S uonb xim uaffip u( usn 
Ls/JD Aq PAIOS s SUOpUOD Aripunoq idoiddi upnpu uo!nbo sqj (,o5 ',r/) uopnp uop UTAiq 

icIIu!!Jo (o5 'ri) uo!p1p ow! JOOS V-TTI JO UOI1J 'u uqpsp 'JLT7 O pzpuuou (suopunJ sqd pnop 
pire ioso '1II1cT'H JO UlflS piio) uoipunj sd uiis oq s (,o5 'th ',rI 'ri 'z)cl pu '(q ujjo u!JDs pu uodiosq jo urns) uoioijjoc uopuxo mno s o (uooJp uns oq 'rit ui qnunz 

ACIJ 'o5 pu 'uopnp (z) jqioA (iuoz io Jelod) Tp jo ouiso tç '11 Aq pzuocnnqD) 
uoponp pu (z u!pioo IiA Aq pzupjiip) uoiisod Iinds uo upudp pptj oouipi jjnj aq souop I 

1— 0 

(T) (,th','z)I(,th'th',''z)d,Pf ,thpf f + (th''z)1(z)o— = (th''z)1p 

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/20/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



for atmospheric temperatures). The term (Q/Qv)(Q/Q) contains ratios of vibrational and rotational partition
functions at the reference temperature T0 and the actual temperature T. The partition function term is calculated
using the polynomial coefficients also stored in the HITRAN 96 data base. k is Boltzmann's constant, c is the speed
of light, and h is Planck's constant.

The spectroscopic parameters used for the results presented in this paper are from the HITRAN 96 line data
base.25 The following line parameters are used in this study:

Line parameter Comments Unit
Position: v0 line center position {cm']
Intensity: S0 T0 = 296 K; isotope abundance weighted {cm' (cm2/molec.)]
Lower state Energy: E1 [cm']
Air-broadened HWHM: T0 = 296 K, P0 = 1013 hPa [cm1/atm.]
Coeff. of T-depend. of n = y(p/p0) (T0/T) [-1

For all lines a Voigt line shape has been assumed which is essentially the convolution of a Lorentz line shape
function (pressure broadening) with a Doppler line shape function (line broadening due to thermal motion):

r+°° L / -

()

ñi is the molecular mass of the molecule of interest also part of the HITRAN 96 data base. yL is pressure and
temperature dependent and can be obtained from and n by yL #yL(p/p) (T0/T).

4.2. Implementation of the GOMETRAN/SCIATRAN LBL mode
For each height level of the internal GT/ST altitude grid the monochromatic pressure and temperature dependent
absorption cross-section of each line-absorber is calculated assuming a Voigt line shape26 as described above. Only
lines within a preselected wavenumber interval (usually 100 cm1) are considered to contribute to the wavelength of
interest.

5. CORRELATED-K DISTRIBUTION (C-K) SCHEME
As SCIAMACHY and GOME do not resolve individual absorption lines spectral mean radiances rather than
monochromatic radiances are required for retrieval. For mean transmittance calculations so called band models
have been developed in order to parameterize the transmittance averaged over a finite spectral interval with only a
small number of parameters. Certain band model schemes have been developed for dedicated spectral bands utilizing
the statistics of line positions, intensities, etc. within these intervals. One band model approach, the so called c-k
distribution method " 12 13 14 is especially suited for RT applications when absorption and multiple scattering is
important. This method allows to interpret the band model parameters as absorption cross-sections, thus allowing
the application of the Beer-Lambert law (even for mean transmittances and radiances) and, therefore, is compatible
with the monochromatic structure of the underlying multiple scattering RT equation.

5.1. Description of the c-k method
5.1.1. Single line-absorber case
If only one line-absorber absorbs radiation in a given small spectral interval \ all other wavelength dependent
quantities like scattering and absorption cross-sections, phase functions, surface albedo, etc., might be considered
constant in this interval. Therefore, the calculation of the mean transmittance or radiance for a homogeneous, i.e.
constant pressure and temperature, path does not depend on the actual wavelength dependence of the line-absorber
cross-section but only on its statistics, in the sense that only the fraction of the wavelength interval covered by cross-
sections of a certain magnitude is of relevance. This means that the wavelength axis can be arbitrarily transformed.
In the c-k method the (discretized) wavelength axis is transformed such that the cross-section monotonically increases
(or stays constant) with respect to the new "wavelength" axis (usually denoted g). The sorted cross-section still may
cover several orders of magnitude but is a rather smooth function w.r.t. g.
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This transformation, i.e. the transformation (\, kA) — (g, k9), where k is the absorption cross-section of the
line-absorber, enables the integral over the monochromatic transmittance TA(m) = exp(—kx m) (Beer-Lambert law)
to be approximated by a finite sum with significantly less terms (here M) than would be required for the original
highly structured k,, (see Figure 1):

1 A1 1 M
<T(m)>A := AfAf exp(—kAm)dA

=
f exp(—kgm)dg wexp(—km). (4)

dg is the fraction of the wavelength interval L\ (= — A1) covered by absorption cross-sections between k
and k + dk, i.e. dg = f(k)dk, where f(k) is the cross-section distribution function ("k distribution"). For each of
the M g-subintervals a representative cross-section, k, might be found such that the corresponding transmittance
1/zg f9. exp(—k9 m)dg can quite accurately be described by the usual Beer-Lambert law, i.e. exp(—km). The
approximate transmittance for the whole wavelength interval might then be obtained by adding the g-subinterval
(Beer-Lambert law) transmittances with weights w = gj , where Lgi is the corresponding g-subinterval length.
However, better fit parameters might be found by a suitable non-linear least squares (NLLS) fitting procedure that
allows the minimisation of the NLLS residual R,

N M 2

R(M,{w}j1.M,{kj}jl..M) :=
[<

TA(m) >A — Wj exP(_kimn)] , (5)

for the whole wavelength interval simultaneously under the following constraints, which follow directly from the
physical interpretation placed on these parameters ("cross-section" , "interval length"):

k>O, w>O, w=1. (6)

As a sum of exponentials is fitted against a reference transmittance function this problem is usually referred to
Exponential Sum Fitting of Transmittance functions (ESFT).27 The band model parameters (or ESFT coefficients)
k can be interpreted as effective absorption cross-sections for pseudo wavelength interval zgi . Therefore, this band
model approach is compatible with a monochromatic multiple scattering code like GT/ST. If the mean radiance shall
be calculated for wavelength interval L\ the RT equation simply has to be solved M times, each time for one of
the M pseudo wavelength subintervals Lg for which the Beer Lambert law holds as in the monochromatic case.
This gives M radiance values I. In order to obtain the desired mean radiance w.r.t. L\ the (pseudo) subinterval
radiances simply have to be added according to:

<1A>A= WiIi. (7)

A similar equation is valid for the weighting functions.

Unfortunately, for a vertically inhomogeneous atmosphere, as used in GT/ST, there is an additional problem:
The mapping of the physical wavelength interval A into the pseudo wavelength interval g depends on pressure and
temperature, i.e. the scrambling of the wavelength axis is not the same for different atmospheric levels. This results
in errors because the wavelength coherence between the levels is disturbed. However, it might be a good approxi-
mation to assume that cross-sections for different pressures and temperatures are strongly wavelength correlated'4
and, therefore, the wavelength transformations are nearly identical for all layers. The validity of this assumption,
however, has to be carefully checked. The error introduced by applying the k distribution method to inhomogeneous
atmospheres (correlated-k distribution method) has to be quantified by comparison with LBL calculations.
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Figure 1. (a) Monochromatic 02 absorption cross-section for a pressure of 500 mbar and a temperature of 250 K
in a spectral interval corresponding to one detector pixel of GOME's and SCIAMACHY'S channel (0.2 nm pixel
resolution). (b) The corresponding k-distribution. (c) ESFT transmittance (M=1O), and (d) relative error between
ESFT and LBL reference transmittance. Note that the error has been set to zero for transmittances less than 1%
as the absolute transmittance error is negligible under these conditions. The r.m.s. deviation between the ESFT and
the LBL transmittance is 0.035% (M_—1O). Using less than 10 coefficients results in r.m.s. errors of 0.17% for M=9,
O.2% for M=8, and 2.7% for M=5.

The correlated-k distribution method relies on the following approximations (Lm denotes the absorber column
amount in, e.g., [molecules/cm2] corresponding to atmospheric layer j, p is the absorber concentration in, e.g.,
{molecules/cm3]):

< TA >A = i: exp
(—LZ kA(z') P(z')dz') d i: exp ( kA, mi) d

L' exp ( k9, mi) dg Wi exp
(— kiimi)

. (8)

It is important to note that the number of terms M and weights w are identical for all (Ne) layers for a given
spectral interval; only the M pseudo cross-sections k are the parameters, which we fitted.

5. 1 .2. Overlapping line-absorbers
Overlapping line-absorbers have not been considered so far. In general, P overlapping absorbers might be considered
by a multivariate frequency distribution l describing the probability that absorber m has cross-sections around km)

. . . (n)and simultaneously (i.e. at the same wavelengths) absorber n has cross-sections around k3 etc. in the wavelength
interval of interest.28 This means that w2 has to be replaced by a P-dimensional quantity, like 1l in case of P =2.

clii might be interpreted as a cross-section correlation matrix. The mean transmittance for a homogeneous path may
thus be approximated by

M(i) M(p) / P
< TA(m(l),. . . ,m(p)) >A (l) (P) exp —

ki()m(fl))
. (9)

Z(i) 2(P)l

As in the 1-dimensional case the weights 11(1) (P) have to be identical for all layers. In principle suitable weights
for a each &\ might be defined along with representative ESFT coefficients as in the 1-dimensional case. In case of P
absorbers and M coefficients per absorber this approach would require up to M RT calculations, i.e the computer
time needed is in general much longer than in case of a single line-absorber.

If ESFT coefficients determined independently for each absorber (as described in subsection 5.2 below) shall be
used for overlapping line-absorbers, it is necessary to assume a certain spectral correlation between the absorption
cross-sections of individual line-absorbers.'429 The advantage of this approach is that the non-linear fit does not
have to deal with a large number of fit parameters which might cause problems especially due to the recognized
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difficulties in fitting exponential sums.27 The statistical approach, however, is also somewhat problematic, because
the ESFT spectral intervals for this application are rather small, containing only a very limited number of lines.

A common approach is to assume that the transmittances/cross-sections of the individual line-absorbers are
essentially uncorrelated within the wavelength interval of interest.'4 In this case the mean transmittance of P
overlapping gases can be calculated as the product of the mean transmittances of the individual absorbers resulting

in Z(i) (P) (i) Wi(p) i.e. the product of the individual weights. This approach, however, also requires M'
RT calculations rather than only M for the case of one absorber.

If the cross-sections were be perfectly correlated'1 the computer time would be similar to that for the one line-
absorber only as in this case 1Z equals with being the Kronecker symbol (i.e. 623 = 1 if i = j, otherwise
0) . This assumption seems, however, quite unrealistic and in most cases results in a significant overestimation of
the transmittance/radiance.29 However, the resulting error might be small in certain cases, e.g. if one strong line-
absorber overlaps with other weak line-absorbers. Concerning the GOME spectral range the radiance error introduced
by this approximation is rather small (less than about 1%) as the 02 and H20 bands are quite well separated below
790 nm. Similar remarks may hold for the assumption of perfect anti-correlation generally resulting in a significant
underestimation of the radiance. In both of these extreme cases the computer time needed is essentially identical
with the single line-absorber case.

Which fast approach actually lead to acceptable accuracy cannot be answered in general, but has to be determined
for each spectral interval individually.

Between 240 and 1240 nm H20 and 02 are the only relevant line-absorbers (apart from a very weak CO2
absorption around 1200 nm). The 02 A-band around 760 nm is essentially free of H2O absorption. Apart from
this band and some very weak 02 bands around 864 and 1068 nm, 02 absorption is only significant in the y- and
B-bands around 630 and 690 nm, respectively, and these regions are relatively free of water absorption. This means
that overlap of line-absorbers is only an issue for SCIAMACHY's channels 6-8 (1000-1750, 1940-2040, 2265-2380 nm,
respectively). The most significant overlap in channel 6 is that of strong H20 and CO2 absorptions near 1435 nm.
The results concerning this spectral range are presented in Section 6. Channels 7 and 8 clearly constitute a kind
of worst case situation for the application of the c-k method, because in these channels the spectral resolution of
SCIAMACHY is rather high (A/F'IM 10000; LUFWHM 0.35 cm1 —+ AIESFT 0.04 cm1 band model
resolution), i.e. not too far from the LBL limit, and because there is a strong interference of the line-absorbers H20,
C02, N20, and CO. The c-k method has not yet been applied in these channels.

5.2. Generation of ESFT data bases for GOMETRAN/SCIATRAN
Using the c-k (or ESFT) method it is possible to calculate the mean radiance or transmittances for a finite spectral
interval much faster than using LBL calculations. However, even if these mean radiance calculations could be done
without any error, this is not what is actually required for this application as neither GOME nor SCIAMACHY
measure true spectral mean radiances due to the fact that the instrument's slit function is not an idealized box-car
function.

The c-k approach actually corresponds to a box-car convolution of high resolution spectra subsequently sampled
at the ESFT interval centre wavelengths. The actual instrument slit function is, however, bell-shaped (see Annex A)
and has a FWHM on the order of two detector pixels. The approach followed here is to choose ESFT spectral intervals
smaller than the instrument's spectral resolution FWHM and even smaller than the detector pixel resolution (about
half of the resolution FWHM), i.e. on a wavelength grid finer than the measurement grid. c-k radiances calculated
on this ESFT (i.e. sub-measurement) wavelength grid have finally to be convolved with an appropriate function and
interpolated onto the instrument's wavelength grid if required. This convolution function, fESFT, might be defined
by JCLBL = JESFT ® fbox_car, where fLBL is the convolution function for the LBL spectra (i.e. the instrument's
slit function), fbOx-.car a box-car function having a width corresponding to the ESFT averaging interval, and ®
denotes convolution. As the selected ESFT intervals are small compared to the instrument's resolution (see also the
note on wavelength interpolation in the next paragraph) 1ESFT 1LBL and this approximation has actually been
used for the results presented in this paper.

The approach adopted here to use ESFT intervals smaller than the detector pixel resolution also helps to sig-
nificantly reduce wavelength interpolation errors expected should the measurement wavelength grid differ from the
ESFT grid (this will usually be the case when dealing with real measurements). Investigations in the 02 A-band
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region have shown that if c-k radiances would only be available on a wavelength grid with a spacing similar to the
measurement grid the interpolation errors would exceed 1% in most cases even for small wavelength shifts.

For each ESFT spectral interval &\, each line-absorber, pressure, and temperature one set of M ESFT coefficients
k, i = 1 . . . M, is determined by minimising the following expression

N M 2

[< TA(m)
>A —

Wi exP(_kimn)]
mm. w.r.t. k. (10)

< TA(m) >iA 5 the reference mean transmittance obtained from LBL calculations. m, n = 1 . . . N, is the
discretized column amounts array. These values are usually selected such that they cover a large range of column
amounts [molecules/cm2], from a small fraction of one air mass up to several air masses, logarithmically sampled
in order to cover several orders of magnitude of m values. This is important, as a large range of different optical
path lengths are considered simultaneously in GT/ST: the radiation travels along several discrete stream angles, i.e.
zenith angles with respect to the local vertical, from close to zero to close to 90°, in several different layers, having
different concentrations and vertical extent, and, therefore, layer column amounts.

The ESFT weights w are preselected. Several trials have shown, that Gaussian quadrature weights22 within the
interval {0, 1] seem to be a good choice. They automatically fulfill the requirement that their sum has to equal 1. In
addition the smallest values occur at i = 1 and i = M and the largest values are in the middle of the interval. This
corresponds quite well with the usual g dependence of the k distribution kg having the strongest (positive) derivative
w.r.t. g near g = 0 and g = 1 and being generally quite fiat in the middle of the g interval.

Fitting exponential sums (like ESFT) is known to be a classical ill conditioned problem of numerical analysis.27
ESFT is slow, stops often far from the correct minimum (even with a good initial guess), is instable, i.e. even small
variations of the function being fitted leads to large variations in the fit parameters, and often produces negative
results. Tests with a standard NLLS Levenberg-Marquardt algorithm22 have shown, that at least one negative
pseudo cross-section results in 10-20% of all cases. This problem has been dealt with by using a NLLS fitting
methods that enables constraints to be placed on all fit parameters. For this purpose subroutine EO4NAF from
the NAG FORTRAN library30 has been selected. This routine solves the so called quadratic programming (QP)
problem3° 31:

minimize + xT H w.r.t. E R subject to 1 < ( < . (11)2 \CxJ

e a constant vector of order n (= number of fit parameters) and H is a ccnstant n by n symmetrical matrix.
The constraints matrix C is of order m by n, where m may be zero. m is the number of constraints on linear
combinations of the fit parameters in addition to the n constraints that can be placed on the fit parameters directly.
Vectors 1 and ii are the lower and upper boundary constraints on and Cx.

In order to use this routine the ESFT problem has been transformed into the corresponding QP problem. For
this purpose the non-linear ESFT problem had to be linearized. Starting from first guess coefficients, EO4NAF is
called several times during the iteration.

First guess ESFT coefficients are obtained by solving a linear least squares problem for each Lg interval sepa-
rately. The first guess coefficients k,° are obtained requiring

<Tg(m) >gj:= f exp(—kgm)dg exp(—km). (12)Wi I9i

Solving this problem for the predefined set of m values yields, after taking the logarithm and applying the linear
least squares minimization:

— —ln(< Tg(mj) >9)m
(13)
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The ESFT problem might be written in the following notation:

(L- )T(_ E()) mm. w.r.t. . (14)

E denotes the ESFT-sum vector (each element for a different m3) and 1 the reference mean LBL transmittance
w.r.t. the wavelength interval of interest, &\. T denotes transposed.

Linearization of E(k) at k (first guess fit parameter vector at the beginning of the iteration or latest guess during
the iteration) results in

) E(°) + . (15)

With zi := — i;, matrix A := DE(k0)/d, and 7:= 1 — E(k°) the following equation can be derived

_(ATy)T+ ATA mm. w.r.t. . (16)

This equation already has the desired QP form. The following quantities can be identified:

:=_(AT)T, :=Zk, H:=ATA. (17)

Matrix A can be derived analytically: A3 = —wm exp(—k3m). The constraints have been implemented such
that each fit parameter k2 can only be doubled or reduced by 50% at maximum. This assures that starting with
positive first guess values, all parameters might be subject to change during the iteration and still stay positive. The
iteration stops when the relative change of the r.m.s. difference between the ESFT and the LBL transmittance is
essentially constant, or if a predefined maximum number of iterations is reached.

Before and after the NLLS fit the average relative error (> E2 — L)/L * 100) as well as the maximum relative
error ({E — L/L * 100}max) is determined. If the average or the maximum error obtained with the first guess
coefficients turns out to be less than the corresponding errors after the fit, the first guess coefficients are used instead
of the NLLS coefficients. Thus the fit is expected also to improve the maximum deviation (which is usually the
case). If the transmittances are rather small (e.g. less than 1%) the corresponding points are excluded from the error
calculation because the absolute transmittance error is small under these circumstances.

5.3. Implementation of the ESFT approach in GOMETRAN/SCIATRAN
ESFT coefficients have been generated for ten pressures and six temperatures including extreme atmospheric values.
The ESFT coefficients for the actual atmospheric height grid are obtained by bi-linear interpolation from the tabulated
ESFT data base values. If pressure or temperature extrapolation is required the nearest ESFT coefficients stored in
the data base are used.

6. COMPARISION OF LBL AND C-K TRANSMITTANCES AND RADIANCES
The c-k radiances have been compared with simulated SCIAMACHY and GOME radiance spectra. These reference
spectra are high-resolution (LBL) sun-normalised radiance spectra, i.e. earthshine radiance divided by solar irradi-
ance, convolved with an appropriate instrument slit function and sampled according to the instrument wavelength
grid. Strictly speaking, GOME and SCIAMACHY do not measure convolved sun-normalised radiances but convolved
earthshine radiance and convolved solar irradiance separately. Since the solar spectrum is rather fiat for wavelength
larger than about 600 nm, where strong line absorptions occur, the approach to use sun-riormalised radiance spectra
should be sufficient.

The following error values refer to an ESFT spectral interval of about one quarter of the detector pixel resolution
(0.05 nm in channels 3 and 4) corresponding to about 1/8 of the spectral resolution and to M =5 coefficients. This
error can be significantly reduced by increasing M, but this would, of course, increase the computer time as well.
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Figure 2. ESFI' transmittance fit errors for the H20 band around 780 nra for 48000 scenarios (800 ESFT spectral
interuals (0.05 nm each) times 10 pressures times 6 temperatures) for M=5 coefficients (grel dots). The black curve
is obtained after box-car convolution. The box-width corresponds to the spectral resolution FWHM of this channel
(0..5 am). In 95% of all cases the (not areraged) r.m.s. error (left) is less than 1% (78% < 0.2%, 98% < 2% ). The
absolute value of the rnaxzmam error (right) is less than 3% in 93% of all 48000 cases (78% < 1%, 88% K 2%).

The r.m..s. and the similarly defined average transmittance errors are less than 1% in about 90% and less than
3 in about 99% of all cases (different line-absorbers, wavelengths, pressures, and temperatures). If these errors are
averaged according to the instrument's resolution the are reduced to about 1% (see Figure 2). The absolute value
of the ma.riniuin transmittance error is less than about 3% in about 90%. of all cases and less than about 10% in
essentially all cases. If the maximum errors are averaged according to the instrument's resolution the error is reduced
to about + 1%.

The radiance error after slit function convolution (this is the most important value characterising the impact of
-k errors on the retrieval). i.e. the end-to-end difference between the c-k and the reference LBL radiance, is less than

IT in most. cases and less than 2% for all situations investigated so far (see Figure 3). The mean radiance error w.r.t.
the ESFT averaging intervals (comparison with mean LBL radiances, i.e averaged for each ESFT interval without
slit function convolution) is less than + 6%. This error is reduced to generally less than 1% by the convolution
process. These values hold for all scenarios investigated so far, e.g. covering the relevant solar zenith angle range
of about. 20'-92. For of weak line-absorption the corresponding errors are significantly smaller. For example the
radiance error is less than about 0.06% for t.he water bands around 504 nm.

As already mentioned earlier the spectral region with the strongest overlap of line-absorbers in SCIAMACHY's
channels 1-6 is located around 1435 nm due to strong overlapping H20 and CO2 absorption bands. ESFT coefficients
for both absorbers have been generated for each molecule independently, similar as for the H20 and 02 bands already
(liscussed (i.e. .\I = 5 coefficients, ESFT spectral intervals about. 1/8 of the spectral resolution (1.6 nm / 8 = 0.2
urn)). As for the strong H20 and 02 bands the agreement w.r.t. LBL calculations is within 1-2% for the convolved
radiances in case only one absorber is present.

In order to model both absorbers simultaneously in CT/ST several commonly made statistical assumptions
concerning the correlation of the individual transmittances / absorption cross—sections as described in subsection 5.1.2
have been tested. The most commonly used assumption of uncorrelated transmittances (or absorption cross-sections)
leads to unacceptable radiance errors (difference ESFT - LBL radiance after convolution) of up to 10%. This
is mainly related to the fact that. the average distance between the CO2 lines in this spectral region is about 0.4
nmii resulting iii just one line (if any) per 0.2 tim ESFT interval. If the spectral averaging interval would cover the
complete ('02 band this error would he much smaller. The assumption of (positive) correlation, see subsection 5.1.2,
results iii errors up to 4-20T (systematic overestimation) and the anti-correlation assumption results in errors up to
—3O (systematic underestimation).

A very promising accurate and fast approach is based on a linear combination of radiances calculated assuming
positive and negative (i.e. anti-) correlation of the cross-sections. J-i-cor and J—corr,respectively. I'° is calculated
using cross-section combination {h.H20 k'O2}. i.e. the weakest F120 pseudo cross-section is combined with the weakest
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Figure 3. Left: Top: top-of-atmosphere intensities for nadir viewing geometry in the 720 nm spectral region
dominated bij strong line-absorption due to water vapour. The intensity is defined as the sun-normalised radiance for
a solar flux of r. Scenario: US standard atmosphere. multiple scattering, solar zenith angle 6U, albedo 10%, and
inaritune // stratospheric background aerosol. LBL intensities (thin grey lines). c-k intensities without convolution for
ESFT intervals of 0.05 nm (circles), and convolved LBL and c-k intensities (slit function FlVJLv1 0.35 nm) shown
ac black Solid lines (essentially one line on this scale) . Middle: relative difference (MIE = Mean Intensity Error)
between c-k and LBL mean intensities for each 0.05 nm ESFT interval (without slit function convolution). Bottom:
end-to-end c-k - LBL Final Intensity Error (FIE) after slit function convolution. The maximum deviation between
(7OMETR.l.V,/SC'I.4TRAV intensites calculated in in c-k and in LBL mode is about 1.5%. The c-k mode is about a
factor of 60 faster than the LBL mode. Right: same as on left side but for the 02 A-band around 720 nni.

02 pseudo cross-section etc., and J0rT using {k[120, k1}, i.e. the weakest H20 pseudo cross-section is combined
with the strongest pseudo cross-section of 02 etc. (for each height. level, i.e. pressure and temperature). The mean
radiance for each ESFT spectral interval is determined from 2M RT calculations only rather than from about M2
calculations in the general case or in case of uncorrelated cross-sections (see also Equation 7):

<1> = (JT1 + (1 _o),J°'). (18)

\lixiny, parameter ci has been determined for each E$FT spectral interval individually by matching the c—k
radiance to the mean LBI, reference radiance for a certain ('representative") atmospheric scenario, solar zenith angle,
and viewing geomet rv, i.e.

j >LBL =: ci < J >-orr + ( — a) < J >_or . U9)
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Figure 4. (a) LBL intensity (thin grey line) and convolved intensity (thick dark line: slit function FWHM 1.6 nm)
in the 1.)'5 nrn spectral region for scenario Si dominated by strong overlapping H2 0 and (702 absorption. (b) As (a)
hut for (02 absorption only. Panels (c)-(e) are showing the relative difference between c-k and LBL radiances for
scenarios S-S4 with a determined from Si. Panel (f) shows mixing parameter a for all four scenarios (with offsets
for clarity).

Thus mixing parameter o := (< I >° — < J >L)/(< J >o1.1 — < I >°). If a < 0 or a > I, a has
been set to 0 or 1. respectively. If the denominator is close to zero, i.e. if the radiances are identical within 0.5%, a
has been set to 0.5. This approach, of course, leads to very small radiance errors provided the atmospheric scenario,
the solar zenith angle (SZA), and the viewing geometry are similar to the scenario used for the determination of a.
As a should niainlv express how the monochromatic H20 and CO2 cross-sections are correlated (e.g. a should be
close to 1 in case of positive correlation and close to 0 in case of anti-correlation) a is expected to depend only weakly
on the scenario selected for the determination of a. In order to check the quality of a four rather different scenarios
(81-84) have been defined. For each of these scenarios c-k radiances have been compared with corresponding LBL
radiances using a single a determined from one scenario only (Si). Scenarios S1—S4 have been defined as follows
(common parameters: albedo 10%, multiple scattering, maritime // stratospheric background aerosol):
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Figure 4 shows the results achieved using this mixing method of treating overlapping line-absorbers. It can be
seen that the different a determined independently for scenarios S1-S4 correlate quite well as expected (panel f).
Panels c-e show that the c-k and LBL radiances agree within 1-3% for scenarios S2-S4 even though a was only
derived from Si.

The c-k mode is significantly faster than the LBL mode for two reasons. First, the RT matrix equation needs to
be solved less times in c-k mode than in LBL mode. E.g. in channels 3 and 4 (400-800 nm) the RT equation has to be
solved 5 times (assuming M = 5 ESFT coefficients) for each 0.05 nm ESFT interval and about iOO (= 0.05/0.0005)
times in LBL mode for the same interval assuming a spectral sampling of 0.0005 nm (corresponding to 0.008 cm1 at
760 nm) This means that the c—k mode is at least 20 times faster in this spectral region. For channel 6 c-k calculations
are even a factor of 80 faster (single line-absorber case) due to the four times lower spectral resolution (i.e. larger
FWHM). Second, the LBL mode requires rather time consuming absorption cross-section calculations (Voigt line
shape) whereas the corresponding ESFT coefficients for the c-k mode have been precalculated. In principle, it would
also be possible to precalculate the monochromatic absorption cross-sections needed for the LBL calculations but
this would require a huge storage space. However, this might be a reasonable approach for selected spectral micro-
windows. In total the presently implemented c-k mode is a factor of about 60 times faster than the LBL mode in
the 720 nm spectral region (H20), a factor of 25 in the 02 A-band region around 760 nm, and a factor of about 800
faster in the i000-i750 nm region corresponding to SCIAMACHY's channel 6 in case of a single line-absorber and a
factor of about 400 in case of two overlapping line-absorbers.

7. COMPARISON WITH MODTRAN/DISORT
Concerning the final end-to-end validation of the c-k/ESFT implementation in GT/ST w.r.t. an independent RT
model, GT/ST spectra have been compared with radiances calculated with MODTRAN3.7 Vi.0' using the DISORT
multiple scattering option.'7 Good agreement has been found (see Figure 5). Minor differences on the order of a few
percent are probably due to different band model resolution and details of the convolution process. Note that the
resolution of the MODTRAN band model is i cm' corresponding to 0.052/0.058 nm at 720/760 nm. This means
that the MODTRAN band model resolution is close to but not equal with the GT/ST band model resolution in the
regions of the 1120 and 02 bands presented in this paper. Figure 5 shows that the up to 2.5% deviation between
GT/ST and MODTRAN in the 720 nm spectral region cannot be explained by the GT/ST c-k scheme as the GT/ST
c-k - LBL differences are significantly smaller.

8. CONCLUSIONS
For radiative transfer modeling of line-absorbers like 02, H20, C02, CH4, N20, and CO in the UV-Vis-NIR spec-
tral range covered by SCIAMACHY (240-2380 nm) with the multiple scattering radiative transfer code GOME-
TRAN/SCIATRAN two schemes have been implemented and compared. First a straightforward line-by-line (LBL)
scheme which has been implemented mainly for reference purposes and second a fast correlated-k distribution (c-k)
band model scheme optimized for retrieval from GOME and SCIAMACHY data. Detailed results for three spectral
regions have been presented: the 720 nm region dominated by strong 1120 absorption, the 760 nm 02 A-band region
and the i435 nm region dominated by strong overlapping H20 and CO2 absorption. For a single line-absorber sim-
ulated GOME and SCIAMACHY top-of-atmosphere radiances calculated with both methods agree within 1-2%
even in case of strong absorptions for all scenarios investigated so far, e.g. covering the relevant solar zenith angle
range 20°-92°; the agreement is much better for weak absorption bands. The c-k mode is a factor of 25-800 faster
than the LBL mode depending on spectral interval. Agreement within a few percent has been found when comparing
c-k and LBL radiances with the MODTRAN/DISORT radiative transfer model in the 700-800 nm spectral region
where the band model resolutions are similar. First results have been presented concerning spectral regions with
overlapping line absorbers. A new method has been presented that combines individually determined c-k coefficients
such that essentially the same accuracy w.r.t. LBL results can be achieved as in the single line-absorber case with
only a factor of two increase in computer time compared to the one absorber case.
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