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31 Desription of the ode1.1 Prodution of high-resolution spetrum, full ontrolof the unertaintyKSPECTRUM has been designed to produe high-resolution spetrum of anygas mixture, in any thermodynamial onditions, from line-by-line databases.In pratie, it is far from being the ase: see setions 1.2 and 1.3, mostly be-ause we have no idea of sub-lorentzian pro�les and ollision-indued absorp-tion (CIA) in the general ase. This ode will be improved gradually whenour knowledge of spetrosopy evolves. Anyway, the purpose of the presentode is learly NOT to produe spetrum that will be used in engineeringappliations (i.e. spatial missions). Rather, it is intended at produing re-liable spetrum that may be used for subsequent radiative transfer analysis(prodution of radiative transfer parameterizations into planetary GCMs).By �high-resolution� spetrum, we mean that the spetral resolution ishigh enough so that individual lines are well resolved. This point is dis-ussed below. The main purpose of produing high-resolution spetrum, isthe possibility to ompute k-distribution data sets.The main idea that lead to the development of KSPECTRUM is to pro-due a ode that an ompute high-resolution data for virtually any ondi-tions, with a full ontrol of the auray:
• Any value of ka(ν) has to be omputed with a spei�ed relative error

ǫ1.
• The maximum relative error made when onsidering a linear pro�le

k∗
a(ν) between two omputed values ka(νi) and ka(νi+1) may also bespei�ed: ǫ2 (see Fig. 1).Ideally, when omputing the absorption oe�ient ka(ν) at a given wavenum-ber ν, the ontribution of every line should be summed up:

ka(ν) =
N

∑

l=1

ka,l(ν) (1)where ka,l(ν) is the ontribution of the N lines index l to ka(ν). Inpratie, it is impossible to use suh a method to ompute ka(ν) at high
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Figure 1: Shemati representation of the omputed ka(νi) spetrum, and ofthe maximal error made when onsidering a linear variation k∗
a(ν) betweentwo onseutive omputed result points.spetral resolution, beause the order of magnitude of N is typially severalhundreds of thousands, when not millions.The �rst onstraint of auray will be used to set up a faster algorithm:we start by disretizing the infrared spetrum in a given number Nb of �nar-rowband� intervals, whose spetral limits are known. Let us take the exampleof any spetral interval [νmin, νmax]. Eah one of the N lines will be exam-ined for this interval. For a great number of lines, [νmin, νmax] will be loatedin the far wings, and therefore the values of ka(νmin) and ka(νmax) are notvery di�erent. If the relative error ǫ = |ka(νmax)−ka(νmin)|

min(ka(νmin),ka(νmax))
is lower than thespei�ed value ǫ1, then a onstant value (for instane ka(νmin)+ka(νmax)
2

) an betaken as ka,l(ν), for every value ν ∈ [νmin, νmax], with a total relative errorover ka(ν) that will be lower than ǫ1.The seond auray onstraint (ǫ2) will be used for optimizing the spe-tral disretization: shematially, narrowband intervals [νmin, νmax] will bedisretized in suh a way that line enters are well desribed. Disretizationsteps will take greater values in line wings. The omputation of the spetralgrid uses a tabulation of the Lorentz and Voigt funtions. The method is



5explained below for a Lorentz line pro�le.For an isolated Lorentz line, we have:
fL =

γL

γ2
L + (ν − νc)2

(2)with γL the Lorentz line width, and νc = ν0+δ.P the (orreted) wavenum-ber at line enter.This funtion an be written as:
fL =

1

γL

1

1 + x2
(3)with x = ν−νc

γL
. Next, funtion f(x) = 1

1+x2 has been tabulated in order todetermine a series of triplets [x1, x2, x3] suh that for any value x0 ∈ [x1, x2],the maximum relative di�erene between f(x) and f ∗(x) = f(x0) + f(x3)−f(x0)
x3−x0

(x − x0)(de�ned for x ∈ [x0, x3]) never exeeds ǫ2. Figure 2 may help.

x1 x2 x3x0

f(x)*

εmax 2ε<

x

f(x)

Figure 2: Purpose of tabulating funtion f(x): for any x0 ∈ [x1, x2], themaximum relative di�erene between f and f ∗ is lower than the imposedvalue ǫ2.In pratie, for the omputation of the spetral grid: starting from awavenumber value νi, the algorithm will have to determine the next grid



6point νi+1 (see Fig. 1). For every line l whose enter wavenumber is within
[νmin, νmax], the ode will have to identify the triplet [x1,l, x2,l, x3,l] so that
xi,l =

νi−νc,l

γL,l
∈ [x1,l, x2,l]. We know that the position of the next grid pointould safely be taken at x3,l, if line l was alone. Taking the minimum value

νi+1 = min(νi+1,l = γL,lx3,l + νc,l) (over all lines present in the interval)ensures that the relative di�erene between ka and k∗
a never exeeds ǫ2 over

[νi, νi+1].The priniple is exatly the same for the Voigt funtion fV (ν) =
√

ln(2)
π

1
γD

y

π

∫ +∞

−∞
e−t2

y2+(x−t)2
dt,with x =

√

ln(2)ν−νc

γD
, y =

√

ln(2) γL

γD
, and γD the Doppler linewidth. Thisfuntion depends on y, the ratio of Lorentz and Doppler linewidths. Thisfuntion will therefore have to be tabulated as a funtion of x, but also as afuntion of y.I really don't see the point in giving any more details. If anyone ever reahthis point without falling asleep and reads this, please send me an email at:v.eymet�gmail.om ; I have been writing odes and manuals for the last 8years, and no one ever told me if it has been useful in any way.A speial mention should be made tough to the issue enountered formeshing the spetral grid between lose strong lines. In the ase νi is loatedbetween two strong lines, the value of νi+1 omputed by the above-desribedalgorithmmay be too far from νi to satisfy auray riterion over ǫ2, beauseof the strong overlap between the two lines. In this ase, a speial treatmentshould be applied for a orret disretization of wavenumbers.1.2 Range of appliationsKSPECTRUM is urrently using the following LBL databases: HITRAN(2004 and 2008) [1, 2℄, HITEMP (2004) [3℄ (H2O, CO2, CO and OH only)and CDSD [4℄ (CO2 only). The ode uses the HITRAN database for tem-peratures lower than a user-de�ned temperature �T_hitemp� (de�ned in the�data.in� �le, see setion /refpara:user�les). For temperatures greater thanthis value, it lets the user hose between HITEMP or CDSD for CO2 lines,and will automatially use HITEMP for H2O, CO and OH transitions. Thetemperature upper limit of validity of the present ode is therefore the sameas the HITEMP database (about 1000K), exept when omputing the spe-trum of a pure CO2 atmosphere: the CDSD database is supposed to beaurate up to 3000K.No physial limit is imposed for pressures. However, the upper limit



7in terms of pressure is probably what is found at ground level on Venus:ground pressure is 92 bars, and ground temperature is 735K. At suh levelsof pressure and temperature, the atmosphere is in super-ritial thermody-nami state, and an no longer be onsidered as a mixture of gas. There-fore KSPECTRUM should probably not be used for a pressure greater than100atm. The lower pressure limit will be imposed by the ode itself, and morespei�ally by the spetral disretization algorithm. It may rash for valuesof the pressure lower than 10−7 atm, beause spetral lines are so narrowthat wavenumber steps are really small (≈ 10−7cm−1). Besides the fat thatthe omputation of the spetral grid may take a lifetime in these onditions,suh small wavenumber steps may not be properly taken into aount by thealgorithm.In terms of moleules, the HITRAN database takes into aount the tran-sitions of 42 (for the 2008 version) moleular speies, along with their iso-topes. The list of moleules an be found in the HITRAN doumentation[1℄, or diretly in the �data/molparam.txt� �le.Other limits may be imposed for spei� gas mixtures. See setion 1.3for more details.1.3 Physial hypothesisThis setion presents how we manage the fat that there is a lak of availablespetrosopi data for various aspets of the theory.1.3.1 Sub-lorentzian pro�les and CIAThe main issue is that we have very little knowledge about:
• The real line shape, for eah moleule, at eah wavenumber. We knowthat CO2 lines have a sub-lorentzian behavior in line wings, whih iswhy thermal infrared signals an be transmitted from ground level up tospae in very spei� near-IR spetral windows through the otherwisevery thik atmosphere of Venus.
• Collision-indued absorption (CIA), that are mainly due to the fatthat in high pressure and/or high temperature onditions, ollisionsbetween moleules temporarily reate new moleular speies, with theirown energeti transitions.



8Sub-lorentzian pro�les have been studied sine 1969: in [5℄, the Lorentzpro�le fL(ν − ν0) is orreted by a funtion χ(ν − ν0) that aounts for thesub-lorentzian nature of the lineshape. Funtion χ(ν − ν0) is given for pure
CO2 and for mixtures of CO2 and other speies (N2, He, Ar, O2, H2) in veryspei� spetral ranges, for various values of the temperature. In [6℄ and [7℄,funtion χ is given respetively for pure CO2 and for CO2 broadened by O2and N2, in the 4.3 µm region, for di�erent temperatures. It was then shownin [8℄ that funtion χ is asymmetri (with respet to ν0) for CO2 in the 4.3µmregion, at 296K.Finally, Perrin and Hartmann [9℄ and Tonkov et al. [10℄ provide χ fun-tions for pure CO2, respetively in the 4.3 µm region, for T ∈ [190 − 800]Kand in the 2.3µm region, at 296K. These results are used in KSPECTRUM inorder to ompute χ pro�les. Various options (see setion 3) let the user hosewhether χ funtions from the literature must be used in their strit rangeof validity, or if they have to be used in di�erent spetral ranges / for othermoleules than CO2.Collision-indued transitions are even more di�ult to take into aount:there are some measurements from Tonkov at al. [10℄ in the 2.3 µm region,at room temperature. Central wavenumbers and intensities are given for 8transitions, but the authors learly state that the data they provide should beonsidered with aution, beause of the large unertainties of their measure-ments/omputations. Other measurements of CO2 CIA have been reportedin the literature: [11, 12, 13, 14℄. Data (lines entral wavenumber and inten-sity) are either not provided, or given with poor auraies, or provided in avery limited range of validity (in very spei� spetral regions, for only onevalue of pressure and temperature, et). Pratially, it is not possible to useliterature results to take into aount ollision-indued (or pressure-indued)absorption lines properly.The only results that ould pratially be used for omputing CO2 CIAis the work from Gruszka and Borysow [15℄. In addition to the paper, theauthors provide a fortran omputer ode [16℄ that will ompute CIA for
CO2, in the 0-250cm−1 wavenumber range, in the 200-800K temperaturerange (this was motivated by studies of Venus' atmosphere, sine CIA is adominant soure of opaity in the far-infrared (between 0 and 550cm−1) onVenus' atmosphere [17℄ where temperature reah 735K at ground level). Thisode has been modi�ed (for omputing CIA oe�ient for only one value of



9
ν) and integrated into KSPECTRUM 1. CIA of CO2 will therefore auratelybe taken into aount within these validity ranges. Options (see setion 3)allow the use of CIA omputation outside these validity ranges. In partiular,the 2.3 and 4.7µm spetral bands of CO2 are not taken into onsideration.1.3.2 Broadening by the rest of the gasAnother limitation of the ode is the hypothesis that is done onerning γother:lines of a given speies i an be broadened by ollisions with the same speies
i, or by ollisions with other speies j. The self-broadened half-width γselfgiven by LBL databases, and that aount for ollisions between moleulesof the same speies, an be onsidered as reliable. However, LBL databasesalso give us parameter γair, the air-broadened half-width, that orrespondsto the broadening of lines by ollisions between speies i and... the air onthe terrestrial atmosphere !Of ourse, when omputing a spetrum for a non-terrestrial atmosphere,parameter γother should not take the value of γair indiated in LBL databases,beause the rest of the gas is no longer Earth' air. However, we have no otherhoie than taking γother = γair, beause there are no other data available.This hoie an be justi�ed by the fat that γother will probably never be verydi�erent from γair anyway.1.3.3 High-temperature transitionsWe know that (a large number of) new transitions are ativated at hightemperatures. The CDSD database o�ers a solution for CO2 lines: it isvalid up to 3000K [4℄. A new HITEMP database is in preparation, thatshould over a huge number of high-temperature transitions for H2O. Moregenerally, the auray and range of appliation of publi LBL databases islearly inreasing. However, the auray of spetra omputations alwaysdepend on the available LBL parameters. The urrent level of knowledgewill always impose a limitation on the auray of numerial simulations.WARNING: there are some inonsistenies within the urrent HITEMPdatabase: some values of the γself parameter are null ! This is an issuebeause, in the ase you want to produe a high-resolution spetra for asingle moleular speies, only this parameter will be taken into aount in1Note that M. Gruszka's ode is not supposed to be redistributed. However, the authorsmention that the ode an be used in aademi appliations, suh as KSPECTRUM .



10the omputation of the Lorentz line width γL. A null γself will result in anull value for γL, and this will end in a rash of the ode during spetraldisretization. The spetral disretization algorithm has been improved inorder to detet null values of γself ; in this ase, instead of using a null value,the γself parameter will be set to the losest non-null value found among theLBL database.1.4 A better respet of spetrosopyThe general idea of KSPECTRUM is to ensure the simple auray riterionthat are disussed in setion 1.1. In order to ahieve this for any situation (gasmixture omposition, values of temperature and pressure), it is absolutelyneessary that the oding is well separated from the physial problem. Inpartiular, the available omputing power should not impose limitations onthe versatility of the ode. We believe this is possible with to-days mass-omputing power.1.4.1 (no) line seletionExisting omputation odes that an produe high-resolution spetrum al-ways involve line seletion at some point. The purpose of seleting lines is toredue the total omputation time, by reduing the number of lines N whoseontribution has to be omputed at eah wavenumber point ν (see Eq. 1).However, KSPECTRUM does not need to selet lines that have to betaken into aount: the ontribution of all transitions are e�etively om-puted. See setion 1.1 for details (auray parameter ǫ1).1.4.2 (no) trunation of lines and �ontinuums�In the same manner, line pro�les are not trunated as they probably wouldin a lassial approah: the ontribution of eah line at eah wavenumber νis omputed, no matter how far from the line enter ν is. This is also a diretonsequene of the way auray parameter ǫ1 is taken into onsideration.KSPECTRUM does therefore not need to use a �ontinuum� that is lassi-ally added to the omputed spetrum to orret line trunation side-e�ets.Values of ka(ν) are omputed with a spei�ed relative auray ǫ1.2008/12/09 update: this is no longer ompletely true, sine I have en-abled a line pro�le trunation possibility in the ode (see setion 3.1, end of



11�options.in� desription). This option should be used with great are, sineit is most probable that very intense and distant lines will not be taken intoaount when trunating line pro�les.1.5 Parallel omputingBeause of auray requirements that are imposed, omputation times ouldbe prohibitive on a single-proessor mahine. KSPECTRUM has been de-signed for running on multi-proessor mahines / lusters. It uses MPICHinstrutions so that multiple proesses an be run at the same time. The fourtime-onsuming loops of the ode have been parallelized. As ommuniationtimes between proesses are negligible (ompared to omputation times), thetotal omputation time will e�etively be divided by the number of proes-sors KSPECTRUM is running on (provided that all proessors / mahinesin the luster run at the same speed and are free of other time-onsumingproesses.)Of ourse, this means MPICH has to be installed before using the ode.See setion 2.5 for installing MPICH / reating a luster of mahines.1.6 The multi-pass approahWe are now talking about the limitations of fortran 77, whih has been usedfor oding KSPECTRUM . The soure ode is onstantly heked againstarray over�ows, unused or uninitialized variables, et (lassial programmingerrors), and there should be no problem of bad oding. However, one lim-itation of fortran 77 is that the size of eah array has to be delared. Andin the present ase, the most obvious limitation is the size of the arrays thathold the LBL data. For a typial atmosphere (Earth, Venus), less than 10moleular speies have to be taken into aount, whih gives a total num-ber of lines of approximately 2.105 when using the HITRAN LBL database.However, when using the CDSD database for CO2 lines, the number of linesthat have to be taken into aount an exeed 107. And there is no way 9 ar-rays of size 107 an be delared on a lassial mahine that holds 1GB RAM(KSPECTRUM atually needs to read 9 LBL parameters from databases,whih imposes the delaration of 9 data arrays). The default size of the-ses arrays is 2.106, and an be redued for low-memory on�gurations (seesetion 2.3).



12With suh a limitation, the only way several millions of lines an be takeninto aount is to perform a multi-pass omputation: for instane, when theuser spei�es the use of the CDSD database for CO2 transitions, 10 millionslines have to be taken into aount (for CO2 only). With an array sizeof 106, KSPECTRUM will read the �rst 106 lines (�rst pass), and performthe omputation of the ka(ν) spetrum with these �rst set of lines (it willatually ompute the ontribution of this �rst million of lines to the �nalresult). Then it will perform a seond pass, using the seond million of linesin the database: it will ompute the ontribution of the seond million of linesto the �nal result. And so on, until all lines have been taken into aount.An attentive reader ould tell me this approah is inorret if applied tothe spetral disretization. Indeed, in order to ompute a orret spetral gridfor any [νmin, νmax] narrowband spetral interval, the algorithm needs to takeinto aount ALL the lines whose entral wavenumber is within [νmin, νmax].When reading hunks of LBL database, it is obvious that line parameters aremissing for many [νmin, νmax] intervals. This is the reason why the spetraldisretization algorithm does not use the multi-pass approah: it automati-ally looks into every LBL database �le to identify relevant line parametersfor eah [νmin, νmax] interval (in pratie, a omplete parsing of LBL data �lesis neessary in order to aelerate the proess of line identi�ation). This isalso why LBL data �les must be readable by any KSPECTRUM proess (seesetion 2.6).Finally, we should mention that the total omputation time for a multi-pass omputation is not higher than for a 1-pass omputation, sine all lineshave to be taken into aount anyway. The spetral disretization is per-formed during the �rst pass and is known for subsequent passes, whih doesnot inrease the total omputation time. The main advantage of this multi-pass approah is the possibility to run the ode on low-memory on�gura-tions.1.7 Estimation of remaining omputation timeWhen using the multi-pass approah, the ode will be able to guess theremaining time before the omputation of a spetra is �nished for the urrentatmospheri level. This is only possible for a multi-pass omputation, beausein order to have an estimation of the remaining omputation time, the odeneeds to know the spetral grid (that is omputed during the �rst pass ofeah atmospheri level), and how many points of the grid have already been



13omputed. The �status.txt� �le will report the estimated time (in real-lifedate/hour format) when the omputation for the next atmospheri level isgoing to start.1.8 Not starting from srath after a rashImagine you want to ompute the spetrum of a given atmosphere mainlyomposed of CO2, using the CDSD database, over 80 atmospheri levels,for the whole infrared range. This should typially require several weeksof CPU time, even for a multi-proessor mahine or a small-size luster. Ifyou run KSPECTRUM on a dediated multi-proessor mahine, if no oneelse has aess to this mahine, and if there is no power ut during all theomputation, there should be no problem. Now imagine you run it on a PCluster, with many other users that daily aess these mahines. Someone willeventually reboot one of these mahines, rashing your whole omputation. Iwould say that you an not deently expet more than 48 hours between twoonseutive reboots. In these onditions, the omputation will never end.Fortunately, KSPECTRUM an resume a omputation if a rash hasbeen deteted. It will start over from the last bakup point, whih oursevery time the omputation of the spetrum has been ahieved on a givennarrowband interval. Multi-pass omputations will be resumed as well.1.9 Automati tabulation of Lorentz and Voigt fun-tionsSetion 1.1 presents the priniple of the spetral disretization algorithm usedin KSPECTRUM . It needs a tabulation of the Lorentz and Voigt funtions.These tabulations depend on the value of ǫ2, the user-de�ned auratelythat is required over the spetral grid. Tabulation �les reside within the�data� diretory, and are indexed aording to the value of ǫ2: for instane,�data/tabulation_lorentz0.01.txt� is the �le where [x1, x2, x3] triplets havebeen reorded for the Lorentz funtion, and for an auray ǫ2 =0.01 (a 1%unertainty).Values of ǫ1 and ǫ2 may be hanged by the user (see setion 3.1). If theuser spei�es a value of ǫ2 for whih there is no known �le, KSPECTRUM willhave to perform the tabulation prior to start the spetrum omputation. Ofourse, the ode will reord tabulation results in the appropriate �le, so that



14the tabulation for this value of ǫ2 will never have to be performed again. Thistabulation is performed by a fully parallel loop, so that it an bene�t fromthe number of proessors KSPECTRUM has been launhed on.



152 Installation and prerequisites2.1 First thing to dois to delare your fortran 77 ompiler in the F77 environment variable. Inorder to do so, you should export this environment variable in your .bashr,.shr or .pro�le �le; for instane, add the following line into your .bashr�le:>export F77=�g77�in ase you are using the GNU fortran 77 ompiler (g77). Replae �g77�by your loal fortran 77 ompiler if needed.Then you need to type:>soure .bashrin order to take the modi�ations into aount. Replae �.bashr� bywhatever you are using. The purpose of de�ning the F77 environment vari-able is to provide the orret ompiler to ompilation ommands that will beused later by the installation sript. If this variable is not de�ned, the nameof your fortran 77 ompiler will be asked every time a ompilation will our.Then you need to use sript �install_kspetrum.bash� that is providedwith the arhive. This sript should be plaed in the same diretory than theprovided zipped arhive. Use ommand �./install_kspetrum.bash� in orderto run it. This sript will:
• Untar the arhive, if the orresponding version of KSPECTRUM is notalready installed
• Make appropriate links in the newly reated diretory
• Go into the �data� diretory, ompile program �make_data.exe� andrun in, in order to generate test �les �omposition.in� and �narrow-bands.in� (see setion 3.2).
• Remind you to install LBL databases into the �data� diretory (seesetion 2.6).
• Erase the zipped arhive, and erase itself.Then you an go into the newly reated diretory (named �kspetrumX.X.X�with �X.X.X� the version number) to ontinue the installation.



162.2 Tweaking the �Make�le�Before ompiling, you will have to �nd out what ompilation options areright for your ompiler, and your mahine. Open the �Make�le� �le, andlook at variables �FOR�, �ARCH� and �OPTI�. Variable �FOR� is used tospeify your fortran 77 ompiler. As KSPECTRUM uses MPICH, you willmost likely use the �mpif77� ompilation ommand, that has been installedalong with MPICH.Variable �ARCH� is used to speify mahine arhiteture. �-m486� isprobably a good hoie for a PC running a 32bits linux. Use the doumen-tation of your fortran ompiler to �nd out what arhiteture option you anuse.Variable �OPTI� is used to speify ode optimization options. The defaultoptions should be enough. Please note that you de�nitely must use option�-Wno-globals� for ompiling parallel ode.You might also want to set variable �DEBUG� (look for its de�nition inthe �le). You an expet faster exeution times if you leave it empty.2.3 Setting up array sizesAs explained in the previous setion (see 1.6), one limitation of fortran 77ode is that you must de�ne array sizes before ompilation. Arrays sizesused by the present ode are de�ned within the �inludes/max.in� �le. Youshould at least look at it before ompiling, and more preisely at the valueof variable �Nline_mx�. Its default value is 2000000 (2.106), beause mostmahines will be able to ompile KSPECTRUM with this value (you need atleast 1GB RAM). You an enable a lower value if you do not have enoughmemory. The ode will then perform a multi-pass omputation (see setion1.6), but total omputation time will not be inreased.2.4 CompilationOne you heked ompilation options and array size de�nitions, you an usethe following ommand in order to ompile the exeutable �le:> make allIf ompilation fails, use the ompiler error message to determine whatwent wrong. The most probable error auses are: a bad de�nition of arhi-teture ompilation option, or an inappropriate value in ode optimization



17options.If you ever need to modify the soure �les (in diretory �soure�), you anquikly reompile the ode using �make all� again. This will only reompilethe modi�ed soure �les, and link objets �les in order to produe the newexeutable �le.If you have to modify the value of any variable de�ned in inludes �les(diretory �inludes�), you will have to reompile the whole ode from srath.Use the following ommand to erase all objets �les, and then reompile themproperly:> make lean allOdd errors may happen if you hange an inlude �le and then reompileusing only the �make all� ommand (old value of the modi�ed variable willremain in the unhanged objet �les).2.5 Installation of MPICHIf you do not already have MPICH installed on the mahine / group ofmahines you want to run KSPECTRUM on, you will �rst have to downloadmpih2 from http://www.ms.anl.gov/researh/projets/mpih2 ; make sureyou download version 1.0.7. Next, untar the downloaded arhive, and installit on every system that will be part of your luster:> ./on�gure �pre�x=/path/to/installation/diretory> make> make installBefore running the MPD daemon, you must reate a �.mpd.onf� �le inyour home folder:> eho seretword=[seretword℄ � /.mpd.onf> hmod 600 .mpd.onfusing any �seretword�.Next, you will need to be able to onnet via ssh to every other mahineof your luster, with no password request. For this, you must �rst reate aDSA key:> ssh-keygen -t dsaleaving all �elds blank (use the �enter� key to answer eah question).Then you will have to add this DSA key to the list of authorized keys:> d .ssh> at id_dsa.pub � authorized_keys



18Finally, reate the list of mahines that belong to your luster. This listmust reside within the �mpd.host� �le on your home folder. Eah line mustontain the name of the mahine, by order of availability:[host1℄.[domain℄[host2℄.[domain℄[host3℄.[domain℄etYou an then try to run the MPD daemon:> mpdboot -n [#℄with [#℄ the number of hosts you want to run MPD on (typially, thenumber of mahines in your luster). If you enounter no error, you anuse ommand �mpdtrae� to hek the number of hosts the MPD daemon isrunning on. This should give you the list of mahines in your luster.2.6 Installation of LBL databasesKSPECTRUM needs to aess LBL databases in order to run. LBL databasesare not provided with the ode, you will have to �nd and download them.The ode expets to �nd LBL databases in the �data� diretory. Of ourse,you have to install KSPECTRUM on a diretory that is ommon to all ma-hines the ode will run on (shared disk), so that eah proess will be able toaess the LBL databases through the �data� diretory. As LBL databasesan use a lot of disk spae, it is reommended to install LBL database �leson the loal disk of eah mahine, and then rediret a link from the (shared)�data� diretory to eah LBL �le diretory.LBL data �le diretories must be the following:
• �data/HITRAN2004�: must ontain the unompressed by-moleule HI-TRAN data �les in its 2004 version. If you reate a link, it must pointto the �HITRAN2004/By-Moleule/Unompressed-�les� diretory onthe loal disk of eah mahine. When the ode is set to use the HI-TRAN2004 database (see �options.in� in the 3.1.2 setion), this foldermust exist within the �data� folder.
• �data/HITRAN2008�: must ontain the unompressed by-moleule HI-TRAN data �les in its 2008 version. If you reate a link, it must pointto the �HITRAN2008/By-Moleule/Unompressed-�les� diretory on



19the loal disk of eah mahine. When the ode is set to use the HI-TRAN2008 database (see �options.in� in the 3.1.2 setion), this foldermust exist within the �data� folder.
• �data/HITEMP�: must ontain the HITEMP unompressed data �les.If a link, it must point to the �HITEMP/unompressed_data� loaldiretory.
• �data/CDSD�: must ontain CDSD unompressed data �les. If a link,it must point to the �CDSD_1000_UPDATED/unompressed_data�loal diretory.
• �CDSD_Venus�: if you want to use the CDSD version that was speiallyompiled for the atmosphere of Venus. This diretory must ontain theunompressed �les of the Venus version of CDSD data base. If a link,it must point to the �Venus/unompressed_data� loal diretory.In pratie, let's say you have downloaded and unzipped the 2008 versionof the HITRAN database somewhere on the loal disk of the mahine youwant to use for your omputation. KSPECTRUM will need the �by-moleule�data �les that are provided with HITRAN. For instane, you have these �lesin the following folder:$HOME/LBL_databases/HITRAN/HITRAN2008/By-Moleule/Unompressed-�les/On the other hand, KSPECTRUM is installed in the following folder:$HOME/great_odes/kspetrum1.0.5/In order to let KSPECTRUM know where the by-moleule data �les ofthe HITRAN2008 database are loated, go to the �data� folder:d $HOME/great_odes/kspetrum1.0.5/dataand reate a symboli link alled �HITRAN2008� to the folder that on-tains the data �les:ln -s $HOME/LBL_databases/HITRAN/HITRAN2008/By-Moleule/Unompressed-�les/ ./HITRAN2008Here you go. You have just installed the HITRAN2008 database inKSPECTRUM . You an do the same for the 2004 version of HITRAN ifyou want to use it (you an selet whih database you want to use by set-ting the right option in the �options.in� �le, see setion 3.1.2) and for theHITEMP and CDSD databases.



20Frequent updates are published about HITRAN data. If you want to usethese new data �les, follow these diretions: let's say you want to downloadthe update for SO2 from the HITRAN website (setion �HITRAN updates�).Download the updated �le �09_hit09.par� within the folder that ontainsyour by-moleule data �les. KSPECTRUM will still look for �les that arelabelled �08�, so you will have to link the new �le to the old one: within theby-moleule data folder, rename the old SO2 �le:mv 09_hit08.par 09_hit08.par.oriThen reate a link from the new �le to the old one:ln -s 09_hit09.par 09_hit08.parRepeat this step for every update �le.Finally, there is also supplemental data, that is not diretly providedamong the �by-moleule� data. These �les reside within the �HITRAN2008/Supplemental�folder. There are urrently three data �les within this �supplemental� folder:�30_hit08.par�, �35_hit08.par� and �42_hit08.par�. In order to add then toyour �by-moleule� folder, you an just opy/paste them, or one again reatesymboli links (does not take more disk spae); within your �by-moleule�data folder, type the following ommands:ln -s ../../Supplemental/30_hit08.par .ln -s ../../Supplemental/35_hit08.par .ln -s ../../Supplemental/42_hit08.par .



213 Using the ode3.1 User input �lesThere are two �les in the main KSPECTRUM folder: �data.in� and �op-tions.in�. The �options.in� �le is where the user an hose between severaloptions, for eah algorithm. The �data.in� �le is where the user an speifythe numerial values of a number of variables the ode will use. Below is adesription of these two �les.3.1.1 The �data.in� �le
• Setion �Prodution of k spetrum�: the user must speify the valuesof ǫ1 and ǫ2 (see setion 1.1). Default values are 1%.
• Setion �Narrowband disretization�: the user an speify the mini-mum and maximum values of the wavenumber range the spetrum willbe omputed for, and the maximum error perentage over the Plankintensity for disretization of the wavenumber range into narrowbandintervals. These data should be spei�ed only if the user hose to om-pute the narrowband disretization instead of using pre-de�ned nar-rowband intervals (via an option in the �options.in� �le). Refer to thedesription of the orresponding option for more details.
• �Parallel omputing�: the user should speify the number of hunks theode will use for the omputation of the k spetrum. One the spetralgrid is omputed, the ode knows the number of k values that will haveto be omputed. The omputational load that will be sent to eahproess is the number of k values divided by the number of hunks.If this number of hunks is large, eah proess will have to ompute asmall number of k values. A hunk will be sent eah time a proess isfound idle. The advantage is that if proessors run at di�erent speeds/ have to run other proesses, proesses that run on slow proessorswill be sent a lower omputational load (fewer hunks), and proessesthat run of fast proessors will be sent a greater number of hunks.
• Setion �Levels and narrowbands limits�: �rst, the high-temperaturelevel has to be indiated; this value is used to swith between HITRAN(at low temperatures) and HITEMP or CDSD (at high temperatures).



22By using a high value (higher than the highest value of temperatureyou want to ompute spetrum for) you an be sure only HITRANis used. The user an then speify the indexes of the �rst and lastatmospheri level / narrowband interval if only a limited number ofatmospheri levels / narrowband intervals should be treated instead ofevery atmospheri level / narrowband interval. The hoie itself is donevia the orresponding option.
• Setion �Speial options for degraded mode�: the user should providehere values the ode will use when running into degraded mode. Threevalues are used for the degraded spetral disretization algorithm (num-ber of line widths to onsider in the de�nition of a line's entral zone,the number of points used to disretize lines entral zones and thenumber of points used to disretize regions between lines) and one isused for line pro�les trunation (distane to line enters). One lastvalue is the perentage of lines that will be rejeted when required (see�options.in�).3.1.2 The �options.in� �le
• Setion �Narrowband disretization�: the user an hose between om-puting automatially the narrowband disretization or use pre-de�nednarrowband intervals. If the narrowband disretization has to be per-formed by the ode, it will use the three orresponding values in the�data.in� �le (setion �Narrowband disretization�): the spei�ed wavenum-ber range will then be disretized into a number of narrowband inter-vals, and the Plank intensity relative variation between the limits ofeah narrowband interval will not exeed the spei�ed maximum errorperentage over Plank intensity. If the user deides to use a pre-de�nednarrowband disretization, a �le alled �narrowbands.in� must be foundin the �data� diretory. This �le should ontain the number of narrow-band intervals, and the wavenumber limits of eah interval. See theprovided �data/narrowbands.in� example �le.
• Setion �Choie of spetrosopi database�: the user has to deidewhether the default HITRAN database to use is the 2004 or the 2008version; the orresponding link must be established within the �data�folder (see setion 2.6). The user an then hoose between the HITEMPor the CDSD database for a temperature greater than �T_hitemp�



23(whose value was set in the �data.in� �le). In the ase of the atmo-sphere of Venus, the user should deide whether the ode will use thestandard LBL database (HITRAN 2004 or 2008) or the CDSD versionthat was speially ompiled for Venus. Finally, the user should deidewhether LBL data reorganization should our on-the-�y (when read-ing LBL data) or one all LBL data has been read. In pratie, theseond hoie is better for this last option, sine data sorting will bemuh faster.
• Setion �Composition�: the user should speify whether the ode willuse only the main isotope or all isotopes when the onentration ofisotopes are not spei�ed for a given moleule.
• Setion �Sub-Lorentzian pro�les�: the user has to hose whether or notthe sub-lorentzian nature of lines has to be taken into onsideration.See setion 1.3 for more information about how the ode will managesub-lorentzian pro�les. In partiular, funtion χ is given for pure CO2only, in spei� spetral ranges, and for a limited range of temperature.The user an hose to use literature data outside its range of validity(over the whole IR spetrum), and for other moleules than CO2 (usewith great are !). Finally, the asymmetri nature of funtion χ an betaken into aount, but results will not be very di�erent from using asymmetri funtion.
• Setion �Collision-Indued absorption�: the use an hose whether ornot ollision-indued absorption (CIA) should be simulated for CO2.See setion 1.3. The user an subsequently hoose CIA omputationfrom the work of Gruszka [15℄ or Baranov [18℄ 2 or both, in whih aseboth soures of opaity are added. The user an also hose to omputeCIA oe�ients outside the wavenumber validity range (0-250 cm−1)and the temperature validity range (200-800 K).
• Setion �Code behavior�: the user an hose whether the ode will eraseresults �les at start time or not. It is preferable to erase these �les, butin any ase, previous omputation results should have been reorded2When using CIA from the work of Baranov 2004, the ode needs an additional �le.This �le is named �CO2_dimer_data�, and is loated within the �data� folder. However,sine this �le is not free for distribution, it is not provided with the ode. Please ontatthe author for more information.



24before starting a new omputation. Even if erasing has been required,�les will not be erased in the ase the previous omputation was not�nished (rashed), and omputation resuming has been required. Theuser an hose to display or not omputation times on sreen. Finally,it should be spei�ed whether the ode has to resume an interruptedomputation, or start again from the beginning.
• Setion �Sensitivities�: the user an hose to ompute sensitivities ofresults (ross-setion and absorption oe�ient) to total pressure, tem-perature and speies onentrations. When omputation of sensitivitiesare enabled, results are reorded in �les �results/dk_dXXX�.
• Setion �Levels and narrowbands limits�: the user must hose whetherthe ode must ompute spetrum for every atmospheri level / narrow-band interval, or only for a limited number of levels / intervals. If alimitation is imposed, the ode will use the orresponding values foundin the �data.in� �le (setion �Levels and narrowbands limits�).
• Setion �Spetral disretization algorithm�: the user should hoose be-tween the referene spetral disretization algorithm or a degradedspetral resolution. Degraded resolution will ompute the spetral gridmuh faster, and will also make the omputation of the kspetrum fastersine less points will have to be omputed. However, the auray ri-terion ǫ2 will not be satis�ed by the degraded resolution algorithm.This degraded resolution algorithm takes input values (see �data.in�).When using the referene spetral disretization algorithm, the usershould also provide the auray level that will use the speial spe-tral grid algorithm for wavenumbers loated between lose strong lines.A value of 0 disables this speial algorithm: wavenumbers νi will beomputed using the standard meshing algorithm based on Lorentz andVoigt funtions tabulation, desribed in 1, but remember that in thisase, the spetral grid may be too oarse between strong lines. A valuebetween 1 and 4 will enable the speial meshing algorithm. The highestthe value, the more aurate this algorithm will be (there will be morevalues of νi, therefore making the k-spetra omputation longer). Avalue of 3 may be enough in most ases.
• Setion �line trunation�: the user has the ability to trunate line pro-�les at a �xed distane from line enters (see �data.in�). When this



25option is used, the auray riterion ǫ1 is no longer satis�ed. Linetrunation will make kspetrum omputations muh faster (around 20times faster). However, there may be ases where the resulting spe-tra is ompletely wrong (typially, when negeleting the ontributionof distant, yet very intense transitions). Be very arefull when linetrunation is used ! When a trunation is required, the user has alsothe ability to set the ontribution of onstant lines to zero, so that ab-sorption is null between very distant lines. A last option enables weaklines rejetion: in order to make the ode faster, the omputation anbe performed using only the stronger lines (those who have the highestintensities). When line rejetion is enabled, the ode will rejet the x%weaker lines, with x the perentage provided in the �data.in� �le.3.2 Other input �les3.2.1 Atmospheri ompositionis provided via the �data/omposition.in�. This �le must ontain a labelfor the atmospheri omposition (ould be used in future version for planet-spei� physis, suh as sub-lorentzian pro�les or CIA), the number of atmo-spheri levels, the number of moleular speies, the label of eah moleularspeies, and, for eah atmospheri level: altitude in km (unused at presentdate), pressure in atm, temperature in Kelvin, and the molar fration (orpartial pressure) of eah moleular speies. See the example �le.Moleule labels have to be idential to labels used in the HITRAN nomen-lature. Labels of moleules de�ned in the HITRAN database an be foundin the �data/molparam.txt� �le. They are obvious for most speies: �H2O� isused for water vapor, �CO2� for arbon dioxide, et. Please use apital letterswhen providing moleule labels in the �data/omposition.in� �le, and notethat moleule labels must be provided between brakets (example: �[H2O]�)so that the ode an identify moleular speies.You an also use moleule labels that do not belong to the HITRANnomenlature, when speifying the molar fration of an isotope. For instane,you an speify the molar fration of water vapor (using the �H2O� label),and you might want to speify the molar fration of deuterium separately.In this ase, you have to de�ne a new moleule label, for instane �HDO�.This label should also be used in the �data/speial_moleules.in� �le. Seedesription of this input �le at setion 3.2.2.



26One last remark about isotopes: when no isotopi abundane has beenexpliitly provided via the �data/omposition.in� �le for a given moleularspeies, the algorithm an hose to take into aount only the main isotopeof this speies, or use all isotopes whose line parameters are provided in LBLdatabases. The user an hose between both behaviors in the �options.in��le (see setion 3.1.2).3.2.2 Speial moleulesWhen speial moleules have been provided in the �data/omposition.in� �le(i.e. moleules whose label is unknown from the HITRAN nomenlature), in-formation has to be provided about these moleules in the �data/speial_moleules.in��le. See the provided example �le. This �le must ontain, for eah speialmoleule: its label (for instane �HDO�), the label of its �mother-moleule�(for instane �H2O� for deuterium), and its molar mass, in g/mol. If thespeial moleule an ount multiple isotopes, the molar mass of eah isotopemust be provided. In the example �le, there are three lines for �HDO�, thatorrespond to isotopes HH17O, HH18O and H2H18O.When an isotope (suh as �HDO�) is spei�ed within the omposition�le �data/omposition.in�, and multiple de�nitions of this isotope are foundin the speial moleules �les �data/speial_moleules.in�, the algorithm inharge of de�ning whih lines have to be read in the LBL �les will a�et theprovided total partial pressure (that is spei�ed for �HDO� in the omposition�le) to eah isotope, prorata to their abundane in the Earth atmosphere.3.2.3 Narrowband intervalshave to be provided in the �data/narrowbands.in� �le, provided that the userhose to use a pre-de�ned narrowband disretization (see setion 3.1). This�le must ontain the number of narrowband intervals, and, for eah interval,its lower and upper limits, in terms of wavenumber (in cm−1).3.3 Running KSPECTRUM using MPICHOne everything is installed and the exeutable �le �kspetrum.exe� �le hasbeen ompiled, you an try to run a omputation. I would reommend that,for the �rst time, you run KSPECTRUM over a single atmospheri level, for



27a single narrowband interval, using a simple atmospheri omposition (theprovided example omposition for instane).Use the following ommand to run the ode:> mpirun -np [#℄ kspetrum.exewith [#℄ the number of proesses that have to run.Beause ommuniation times are small ompared to omputation timesin KSPECTRUM , it is a good idea to hose a number of proesses equal tothe number of (physial) proessors of your luster, plus one. One proess, themaster proess, is dispathing omputational loads to every other proesses(slave proesses), and gathering results from them. It does not require anysigni�ant CPU time, therefore it is OK to have a number of slave proessesequal to the number of proessors, so that eah slave proess an use aproessor (or eah proessor will have only one slave proess running on it).In pratie, if your luster is omposed of n proessors, you an use:> mpirun -np n+1 kspetrum.exe



284 Results4.1 Results �lesKSPECTRUM will produe results �les in the �results� diretory. There isone �le per atmospheri level. Files are named �k***� with �***� the index ofthe atmospheri level. For instane, �results/k001� is the result �le produedfor the �rst atmospheri level (with the highest pressure level).Eah �le ontains 3 olumns. The �st olumn gives values of wavenum-bers, in cm−1. The seond olumn is the total ross-setion of the gas mixture(in cm2/molecule), at the orresponding wavenumber. The third olumn isthe total absorption oe�ient (in m−1) at the orresponding wavenumber.4.2 More output �lesAdditionally, the user an hek a number of log �les produed by KSPEC-TRUM during its exeution:
• �results/omposition_info.txt�: information returned by the algorithmthat reads the atmospheri omposition �le and sets abundanes foreah moleular speies. This �le shows what moleules have been iden-ti�ed, the number of isotopes and their respetive abundanes. For eahmoleular speies, the sum of abundanes of all the isotopes should beequal to 1.
• �results/alulation_info.txt�: various output information: values ofauray riterion ǫ1 and ǫ2 are given,along with the gain from linelassi�ation: the total number of lines is printed, as well as the num-ber of lines whose ontribution has to be expliitly omputed at eahvalue of ν. These are umulated values (over eah narrowband inter-val, over eah atmospheri level). The di�erene is an estimation of theomputation time gained by line lassi�ation (using riterion ǫ1).These two �les should be saved together with spetrum result �les in order tokeep a reord. In partiular, �le �results/alulation_info.txt� will be neededwhen produing k-distribution data sets.
• �optimizations/LBL_�les�: shows whih LBL data �les have been read.



29
• �status.txt�: is ontinuously updated during omputation. Some linesare appended to this �le eah time a bakup is performed, i.e. whenthe omputation of the spetra is over for a given narrowband spetralinterval. It shows the time the bakup took plae at, for what atmo-spheri level / narrowband interval, and how many values of k havebeen omputed for this interval. When running a multi-pass ompu-tation, it an also display the predited time/date when omputationwill be over for the urrent atmospheri level.4.3 What's next ?You an use KSPECTRUM for the sole reason of produing high-resolution

ka(ν) spetrum. However, you might want to use the results of KSPEC-TRUM in order to produe k-distribution data sets that an be used foratual radiative transfer simulations. See the doumentation of ode �k-dist�for the prodution of k-distribution data from high-resolution spetrum.



305 The fun stu�5.1 Code lienseKSPECTRUM is distributed under the General Publi Liense. See theCOPYING �le within the main diretory. This means that you an use/ redistribute part of all the soure ode in your own soure ode, providedthat your soure ode is also distributed under the GPL. You an not produeommerial ode from the provided soures. I will eventually know it andkill you.5.2 Questions and AnswersI am in a big hurry, I don't want to read all that boring stu�, Ijust want my results, immediately.The easy way is to ask me to use my ode to produe your results. Andas I am fed up of working for free, that means you will have to pay. Pleasesend me an email: v.eymet�gmail.omThere is an alternative though: you an hire a grad student / post-doto do the work. It will still ost you money, but it will take longer.I an't manage to ompile the soure ode / I don't understandompilation error messages.There should be not problems using the gnu fortran 77 ompiler (g77) andmpih2. Send me an email with a desription of the tools you are using, onwhat hardware/system, and what error messages you get: v.eymet�gmail.omCompilation was suessful, but the ode rashes.I know that when a ode has been extensively used for years and all bugshave been patiently traked, identi�ed and orreted, there still remains ahuge ugly bug for every 1000 lines of ode. My ode ounts nearly 14000lines of ode, and it has not yet been extensively used. So yes, there maybe a bug. Send me an email with the desription of what you want to do,attah input �les when possible. I will orret the bug (and do it for free !).



31Error �Nkmx has been reahed� This is one of the most likely errors.You are probably trying to ompute a spetra for a very low value of pressure,right ? There are a lot of very thin and isolated lines, the ode takes ages toompute the spetral disretization, and then rashes with this error. Thisis beause the number of wavelength the spetra should be omputed for istoo high. There are a number of ways to get around this issue:
• First, try to edit the �inludes/max.in� �le, and to inrease the valueof variable �Nkmx�, in order to allow more memory to spetral arrays.You will have to reompile the ode ompletely to take the modi�ationinto aount: use �make lean� and then �make all� (or diretly �makelean all�). Be very areful when inreasing the value of �Nkmx�: if youdo not inrease it enough, the same error will happen again (not enoughmemory for spetral disretization). If you inrease it too muh, youwill not be able to ompile the ode (not enough available memory onthe system). The default value for �Nkmx� is 105, you should �rst tryto set it at a value of 5.105. Then inrease it if the same error oursagain, until you reah the limit at whih ompilation and / or exeutionis impossible.
• If you are low in memory and you an not inrease further the valueof �Nkmx�, you an try to use a oarser spetral resolution, by settingthe appropriate options in the �options.in� �le (within the �Spetraldisretization algorithm� setion).
• You an also try using smaller narrowband spetral intervals: Nkmx isthe number of values of ν a given narrowband interval will be disretizedinto, so using smaller narrowbands an make the disretization possible.
• If all the above suggestion failed, or you have the feeling there is an-other problem, feel free to ontat me. When possible, send me your�omposition.in�, �narrowbands.in�, �data.in� and �options.in� �les witha desription of the problem you enounter.What about all this unknown spetrosopi data...?As mentioned in setion 1.3, we know very little about: sub-lorentzianpro�les, ollision-indued absorption (CIA) lines, and broadening by the rest



32of the gas mixture. Hypothesis have been made: sub-lorentzian pro�les aregiven in the ase of pure CO2, and in spei� (spetral, temperature) rangesof validity. These limitations an be overridden by the user (see setion3.1.2). Broadening by the rest of the gas has been onsidered as if the restof the gas mixture was terrestrial air, and CIA an be aurately simulatedfor CO2 only, in the 0-250 cm−1 spetral range only.I am aware this situation is not aeptable, sine KSPECTRUM is sup-posed to be used for any gas mixture, in any spetral region, and in a widerange of thermodynami onditions. However, suh a ode would require agood knowledge of all the missing data (sub-lorentzian pro�les, CIA tran-sitions and broadening by the rest of the gas mixture) for every moleularspeies, broadened by every other moleular speies, for any spetral region,for every temperature and pressure level. The best I an propose is to improvethe ode for very spei� appliations, when the orresponding spetrosopidata is known. Please let me know your needs: v.eymet�gmail.omA (not fully satisfying) solution an be found in the ase you know wellthe CIA ontinuum you want to take into aount, i.e. you know how toompute CIA opaities for your on�guration, but it has not been inludedinto KSPECTRUM : in this ase, you should �rst ompute your hi-resolutionspetrum without any CIA alulations. One hi-resolution spetrum with-out CIA have been omputed, you an ompute and add CIA opaities byyourself at eah ν point.



33A Appendix - ValidationKSPECTRUM results have been heked in various situations against otherresults.A.1 Low pressures / temperaturesResults from KSPECTRUM have been ompared to line-by-line spetrumprodued by P. Dubuisson (Laboratoire d'Optique Atmosphérique, Lille)[19, 20, 21, 22, 23℄ for Earth's atmopshere. Various ompositions / spe-tral intervals have been onsidered:
• H2O, CO2 and O3, in the [748 − 752] cm−1 range.
• H2O, CO2 and O3, in the [4900 − 5040] cm−1 range.
• H2O, CO2, O3 and CH4, in the [4200 − 4240] cm−1 range.In eah ase, spetrum have been omputed for 49 atmospheri levels,from ground level (1 atm, 292K) to 2.878.10−6 atm (0.29 Pa, 345K) at thetop of the atmosphere.Figures 3 to 6 represent both spetrum in several spetral ranges, atdi�erent pressure and temperature levels.A.2 High pressures / temperaturesAbsorption spetrum omputed by KSPECTRUM in the ase of Venus' at-mosphere have been used to ompute absorption oe�ient average k̄a over68 narrowband spetral intervals overing the [40-5825℄ cm−1 range. Theseaverage absorption oe�ients have been ompared to average absorptionoe�ients omputed from k-distribution data used for radiative transfersimulation in Venus' atmosphere [24, 25℄.Comparisons have been performed at ground level (90.9atm, 735K), atan altitude of 5km (65.8 atm, 697K) and at an altitude of 55km (0.52atm,302K).In eah ase, orders of magnitude of average absorption oe�ients om-puted from KSPECTRUM high-resolution spetrum are in good agrementwith average absorption oe�ients from k-distribution data, espeially inthe 1.7 and 2.3 µm �transpareny windows� (this validates sub-lorentzian



34pro�les representation) and in the far infrared (ν < 300 cm−1) (whih vali-dates the ollision-indued absorption ontinuum).Table 1 provides a omparison between average absorption oe�ientsomputed at ground level.
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Figure 3: Absorption spetra for a H2O, CO2 and O3 mixture at pressureof 0,298 atm (xH2O = 3, 34.10−4, xCO2
= 3, 30.10−4, xO3

= 1, 20.10−7) and atemperature of 238,6K, in the [748 − 752]cm−1 spetral range.
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Figure 4: Absorption spetra for a H2O, CO2 and O3 mixture at pressure of
6, 37.10−2 atm (xH2O = 3, 25.10−6, xCO2

= 3, 30.10−4, xO3
= 1, 74.10−6) anda temperature of 218,6K, in the [750, 2 − 740, 6]cm−1 spetral range.
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Figure 5: Absorption spetra for a H2O, CO2 and O3 mixture at pressureof 0,583 atm (xH2O = 3, 04.10−3, xCO2
= 3, 30.10−4, xO3

= 5, 16.10−8) and atemperature of 270,3K, in the [4940 − 4980]cm−1 spetral range.
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Figure 6: Absorption spetra for a H2O, CO2, O3 and CH4 mixture at pres-sure of 0,259 atm (xH2O = 1, 74.10−4, xCO2
= 3, 30.10−4, xO3

= 1, 54.10−7,
xCH4

= 1, 56.10−6) and a temperature of 232,1K, in the [4214 − 4220]cm−1spetral range.
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Table 1: Average absorption oe�ients k̄a omputed from KSPEC-TRUM high-resolution output spetra and from k-distribution data usedfor radiative transfer simulations ([24℄) for some narrowband spetral inter-vals, at ground level (90,1 atm, 735K). Values of k̄a extrated from the k-distribution data set are not a referene, but are rather used as a omparisonpoint.

νinf νsup k̄a k-distributions k̄a KSPECTRUM520 570 60,5 48,8570 615 574,1 529,8615 645 2, 36.103 2, 21.103645 680 7, 56.103 8, 02.103680 720 3, 71.103 3, 74.103720 760 899,3 913,1760 785 205,3 179,9785 815 58,4 42,2815 845 14,0 8,5845 900 8,9 5,1900 935 15,7 13,92100 2155 14,5 5,92155 2280 3, 22.103 2, 56.1032280 2390 5, 28.104 5, 42.1042390 2450 1, 48.103 1, 06.1032450 2540 15,9 10,62540 2670 2, 8.10−2 3, 1.10−22670 2745 1, 4.10−2 1, 1.10−22745 2790 2, 0.10−2 4, 0.10−32790 2925 7, 9.10−3 2, 5.10−22925 3040 2, 2.10−1 1, 1.10−23040 3225 2, 2.10−2 9, 9.10−33225 3450 2,2 0,183450 3760 604,6 592,23760 3875 28,2 19,43875 4030 0,17 9, 4.10−24030 4135 4, 1.10−2 1, 9.10−24135 4350 3, 2.10−3 1, 1.10−34350 4550 6, 8.10−3 3, 3.10−44550 4950 4,8 3,94950 5200 10,2 9,45200 5700 2, 7.10−2 1, 6.10−25700 5825 3, 4.10−3 1, 6.10−3
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