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ABSTRACT

Aims. Molecular line lists (a catalogue of transition frequescand line strengths) are important for modelling absorptad
emission processes in atmospheres fedent astronomical objects, such as cool stars and exapldnerder to be applicable for
high temperatures, line lists for molecules like methanetneontain billions of transitions, which makes their dir@ime-by-line
usage) application in radiative transfer calculationsrawficable. Here we suggest a new, hybrid line list formatitgate this
problem, based on the idea of temperature-dependent dgiosocpntinuum.

Methods. The line list is partitioned into a large set of relativelyakdines and a small set of important, stronger lines. Thekerea
lines are then used either to construct a temperature-depe(but pressure-independent) set of intensity crososesor are blended
into a greatly reduced set of ‘super-lines’. The strongdiaee kept in the form of temperature-independent Eingteiodficients.
Results. A line list for methane (CH) is constructed as a combination of 17 million strong absondines relative to the reference
absorption spectra and a background methane continuunoitetwperature-dependent forms of cross sections and §opsr-This
approach significantly eases the use of large high temperéne lists as the computationally expensive calculatbpressure-
dependent profiles (e.g. Voigt) only need to be performeafialatively small number of lines. Both the line list andsssections
were generated using a new 34 billion methane line list (knaw 34t010), which extends the 10to10 line list to highemptmatures
(up to 2000 K). The new hybrid scheme can be applied to ang léng lists containing billions of transitions. We recormdeusing
super-lines generated on a high resolution grid based osoivileg power ofR = 1,000,000 to model the molecular continuum as a
more flexible alternative to the temperature-dependersiscsections.

Key words. molecular data - line:profiles - opacity - infrared: starsfrared: planetary systems - methods: numerical

1. Introduction scribe the opacity of methane for temperatures up to 1500 K.
. . The 10to10 line list has been shown to be important for
Methane is one of the key absorbers in the atmospheres of €¥ddelling the atmospheres of brown dwarfs and exoplan-
planets and cool stars. Due to a large number of relativeingt s [Yurchenko et al. 2014: Canty et lal. 2015; Amundsenlet al.
lines (up to several billion) at high temperatures, the Walion ), and has been used as an input in a number of
of cross sections becomes extremely computationally estp@n 04éls such as TauREX_(Waldmann etlal. 2015b,a), NEME-
The contribution of each line to the total absorption must kgg {Irwin et al.[ 2008), VSTARI (Bailey & Kedziora-Chudczer
taken into account by summing their individual cross sextjo 557 %: MLQh_e_D.kQ_e_t_dﬂ, 20114), ATMO_(Tremblin ef . 2015;
usually computed using Voigt profiles, on a grid of wavelésgt Trem’blin etall 2016: Drummghd etlal. 2016), and the UK Met
To make radiative transfer calculations using these IBte inore g global circulation model (GCM) when applied to hot
tractable the line lists are usually converted into pre-soted Jupiters [(Amundsen etldl. 2016). The ExoMol database con-
tables of temperature- and pressure-dependent CrossrsCliging Jine lists for about 40 other molecular species and has
or k-codficients, for specific atmospheric conditions (temper@écenﬂy been upgradefl (Tennyson éfal. 2016). The ling list
ture, pressure, broadeners) (Amundsen et al.|2014; Maélk etio; polyatomic molecules usually contain more than 10 bil-
2017). Subsequent radiative transfer calculations intatp in jion fines; examples include phosphine (BSousa-Silva et al.
these tables. However, the calculation of these crossosrsct) hydrogen peroxide 6@,) (Al-Refaie etal.[ 2015a)
andk-codficients still requires the contributions of all lines t%rmaidehyde (HCO) (Al-Refaie etal. [ 2015b), and 30’
be summed, if only once for each atmospheric condition. BO@Ld_eMO_OjLet_dl. 2016) (see also our review of molecula lin

pre-tabulated cross sections akdoeficients are less flexible |jgig Tennyson & YurchenKo 20117).
than a line-by-line approach, but are computationally nefiie o } ) )
cient. A promising alternative to the line-by-line approach was re
As part of the ExoMol project[(Tennyson & Yurchehkd€ntly proposed by Hargreaves et al. (2015), where an aecura

2012) we produced an extensive line list for methaR€K.), experimental line list of the strongest Gktansitions was com-
called 10to10 [(Tennyson & YurchenKo 2012), containing ap/emented by a set of experimental quasi-continuum crass se
most 10 billion transitions. The line list was constructedie- tons, measured for a set offtirent temperatures. Rey ef al.
(2016) recently proposed an alternative, super-line (3ip),

* The corresponding author: Sergei N. Yurchenko; E-maiproach to speed up the line-by-line calculations. The ide@ i
s.yurchenko@ucl.ac.uk build intensity histograms from transition intensitieaéd for a
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given temperature into wavenumber grid points. Each wavenuculations used a spectroscopically determined potermntiatgsy
ber bin is then treated as a super-line for computing cross ssurfacel(Yurchenko & Tennyson 2014) and ab initio dipole mo-
tions for diferent line profiles, which brings the computationahent surfaces_(Yurchenko et al. 2013). The new line list con-
cost of a line-by-line approach almost down to that using pr&ins 8,194,057 energies below 18,000 ¢mnd 34,170,582,862
tabulated cross sections. The serious disadvantage, bowgv transitions covering rotational excitations upkg.x = 50. The
that only very simplistic line profiles, i.e. ones which da de- calculation of the additional 28 billion transitions toogpaox-
pend on quantum numbers, can be used. Indeed, each superiirately 5 million CPU hours on the Cambridge High Perfor-
loses memory of its upper and lower states; only the wavenumance Computing Cluster Darwin. The wavenumber coverage,
ber is preserved. This is not a problem for the Doppler profilmwever, is kept the same as in the 10to10 line list, whichmaea
as it does not depend on quantum numbers. However, presstirat the region from 10,000 to 12,0000 This less complete
dependent profiles such as Voigt profiles often show stroRg der the target temperature of 2000 K. All other computatlona
pendence on the rotationabnd other quantum numbers, whiclcomponents (potential energy and dipole moment surfaees, b
cannot be modelled using the SL approach. sis sets, etc.) are the same as in Yurchenko & Tennhyson|(2014)
In the present work we combine these two approaches andIn order to mitigate the diiculty of using such an extremely
provide a synthetic hybrid line list for methane using thé folarge line list, we proposed dividing it into two subsetspen-
lowing compilation of data: (i) a line list of strons; lines sible for strong and weak absorptions. The first questiomis h
given explicitly using the ExoMol format_(Hi é% a 13;to define and separate ‘strong’ and ‘weak’ transitions. Hngd
[._2016) and (i) all oth&k,eak Weak lines con- dynamic variation of the methane intensities means thatglesi
verted into a temperature-dependent but pressure-indepenintensity threshold would be not optimal. The following tiars
background continuum. Thus the aim of this work is to seleatere taken into consideration when defining the intensityipa
the most important lines (both the strongest and most $emsitioning thresholds:
to the variation of line profiles with pressure and broadpfuer (i) In regions of very strong bands many lines with moderate
the direct line-by-line treatment, while the rest are peseel ei- intensities are barely visible, while weak lines which leeen
ther as cross sections or as super-lihes (Reylet all 2016ayh the main bands can be relatively important;
brid approach is able to retain the key features of line &sis to (i) The definition of ‘strong’ and ‘weak’ must be
significantly ease the computation of total cross sectionika temperature-dependent as ‘hot’ bands, which are weak at low
codficient tables (including both weak and strong lines). We ifemperatures owing to the Boltzmann factor, become stronge
vestigate two approaches to represent the temperatuesndept with increasing population of excited lower states at highm-
continuum: using pressure-independent cross sectiowsibes peratures;
by the Doppler profile and using the profile-free histograms (jii) At the same time, the intensities of the fundamentals a
(super-lines). overtones decrease with temperature owing to the decrease i
As demonstrated by Rey eflal. (2014) and Nikitin et afheir relative populations (e.g. due to a larger partitiondtion);
(2017), in order to extend the temperature coverage of ttel00  (jv) Finally, even relatively weak lines at longer wavelémns
CH, line list, the lower state energy threshold should be imre very sensitive to pressure variations, due to their lalee-
creased with respect to that used by Yurchenko & Tennyseify.
(2014). Our 10to10 line list was based on the lower state en- T aid in the strongveak partitioning, we introduced a refer-
ergy thresholdEl%4e" = 8000 cnt, which was estimated to beence CH opacityayes(7) based on two temperaturdg, = 300 K
sufficient for temperatures up to 1500 K. In this work we extenghdT, = 2000 K, and two pressure; = 0 bar and®, = 50 bar,
the 10to10 line list by increasing/%%¢" to 10,000 cm?, which gn a wavenumber grid ofv = 1 cnr? (¥ = 0...12000 cm?)

should extend the temperature coverage to about 2000 K. Toggechoosing the maximum cross section value among these four
consistent with the extension of the lower state energystiire gt each wavenumber grid poikit

old, the rotational coverage had to be increased from theeval
of Jmax = 46 used by Yurchenko & Tennyson (2014) to aboyf, (5, = max@5s0, absd, afs, abs5). (1)
Jmax = 50. The cost of this improvement, however, is a dramatic
increase in the number of lines, from 9.8 billion to 34 biflio The reference average intensities (oralecule) can then be de-
The resulting ‘34t010’ line list is used in this work to build fined as
continuum absorption model for methane as described above.

The partitioning of the 34 billion line list into a set &y | (Vk) = arer(Vk)AV. 2)
strong lines and\weak Weak lines is presented in Sectibh 2,
where we also define and test the strovenk partitioning. In Figure[1 shows the reference cross section curve used here fo
Sectior8 our continuum model is tested by comparing it to tiiee 34t010 line list.
traditional approach of explicitly summing up the crosstisec We then define the stropgeak partitioning using two crite-
contributions from all lines, at flierent temperatures and presfia, one dynamic and one static. According to the statiexadn,
sures. Sectiof4 presents our final results. all lines stronger than the threshdlg, are automatically taken
into the strong section (e.nr = 1072° cnymolecule). The dy-
namic criterion characterizes the ling from the wavenumber
bink (¥4 € [ — 0.5 cnT?, %) + 0.5 cnT?]) as strong if all four
In the following, the new line list for methane, which weeference absorption intensities are stronger than trezeete
have named 34t010, is used in all our examples. The line K{gveragejs, intensity by some scaling factQ@scae(€.9. stronger
is an extension of the 10to10 line list, produced using tfilean 10° x I5,). The scaling facto€scaeis made wavenumber-
same computational approach (Yurchenko & Tennyson|2014)d@gpendent using the following exponential form, also shawn
extending the lower state energy range from 8,000%cto Fig.[2:
10,000 cnt!. Calculations were performed with nuclear mo- )
tion code TROVE|(Yurchenko et/al. 2007). As before, here calscad7) = 10°° x [1 - 0.9e 0%, (3)

2. Strong/Weak line list partitioning
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the hybrid line list presented in this work. It results in 11-m
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o lion selected lines (16,776,857) as part of the strong eecti

107 ok o out of the original 34x 10'°. This is a huge reduction and
102 o e should ease line-by-line calculations significantly. Theain-
107 ing lines are converted into temperature-dependent histog

(super-lines) anfdr cross sections to form our methane quasi-

10% continuum, which is described below. By comparison, the HI-
102 l TRAN 2012 (Rothman et &l. 20113) databases contains 336,830
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Fig. 1. Reference cross sections obtained using the Doppler patfile

T =300 K andT = 2000 K on the uniformA¥ = 10 wavenumber grid.
The green lineT = 2000 K andP = 0 bar) is almost identical to the
blue line T = 2000 K andP = 50 bar) at this region and for this scale, 10°
and thus can be barely seen.
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This scaling is necessary to take into account the impoetaific Ei : N aos _
. - . . - . ig. 3. Intensity partitioning forly, = 107> cmymolecule andCscqe =

the varying density of lines atfierent spectroscopic regions fory s “1,q jashed line indicates the threshold; the blueT = 300 K)

the_ accurate description of the line profiles: the smallenlqer and red T = 2000 K) areas are the regions of the strong lines; the grey

of lines at the longer wavelengths means the cross secti@nsfea at the bottom indicates all transitions which weresed from

more sensitive to the shape of the profiles and to the sampliAg line list to form the weak lines of the continuum. Here atbss

of the grid points. At the shorter wavelengths the spectrsmsdections were obtained using the Doppler profile on a gridafrir?®.

smoothed out by the large number of overlapping lines, wisich

therefore less sensitive to these factors. With this exmasve

thus assume a quasi-exponential increase in the densityesf |

vs wavenumber, or, colloquially, a quasi-exponential dase in
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Fig. 2. Dynamic scaling factor used in Hd. 3.

Fig. 4. Number of strong lines for éfierent partitionings.

FiguredB and14 illustrate how these partitioning critefia a

fect the absorption cross sections and the size of the sandg
weak lines partitions, respectively, using the constaalestac-
tor Cscale for simplicity. For example, the combinatio@dac =
1072, lyres< [cm/moleculesit = 1072%) with Cscae CONstant
leads to 262,470 lines. Using the scale fadBgqe = 107°
increases the number of strong lines by one order of maghhe main dificulty associated with modelling cross sections
tude. For example, for the partitioning (PQ102%) we obtain (i.e. dressing lines with appropriate absorption profilesthe
125 million strong lines. The dynamic partitioning defineg bpressure #ect, which requires line shapes to be described us-
Eq.[3 in combination witHesh= 10722 cm/molecules is also ing Lorentzian profiles (high pressure), Voigt profiles (mod
shown in Fig[# as a large triangle. This partitioning is otg-p erate to high pressure), or even more sophisticated profiles
ferred choice used in the following discussions and to canst (Tennyson et all._2014). The Doppler profile (zero pressure),
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3. Absorption continuum cross sections

3.1. Quasi-continuum from the Doppler line profile




however, is much simpler; it is fast to compute, with a sin2-8 %. Here the relative fierence of cross sections is defined as
ple parametrization of the line width (mass- and frequency- ,.

dependent only), and no dependence on the transition qué&@ = M’ (4)
tum numbers, mixing ratios of broadeners, et () aS\(?)
2014).

S\ggereapzo, ap, ande " are theP = 0 (Doppler) continuum,
nearly featureless background that is not very sensitivénéo # 0 continuum (Voigt), and th@ # 0 total cross section,

variation of pressure (at least for moderate pressuress T espectively. The largest error is for the long wavelength r
P P . gion, characterized by the weakest intensities and leastitites

means the exact shape of the lines that form this quasiraan of lines. In this region the Doppler-broadened lines became

IS relatively unimportant and can be model!ed using a pressucreasingly narrow, which makes the cross section very sensi
independent, temperature-dependent profile. Basically,as-

I L : . to the grid sampling used. The best agreement is in the spectr
|s£)unm F;USOI? Ifetggrtvzg);rzgaallrset;callsntig:‘?é"i\elzvr?cm?n?ee ?g&lf:g_ regions with large cross sections and at short wavelengtiere
ong pres : guencyinteg -~ the density is highest. Using coarser grids of 0.1 or 'cdnops
tion of each line. In order to illustrate this approach, wevgln

Figure[ the quasi-continuum cross section from the eaisl'nthe fluctuations to within 4 and 1.5 %, respectively. Theltiota
Igu guasi-continuu ' N the We&S!iN o yrated dierence should be zero by definition since the area of
The cross section was computed at 2000 K usmi the ExoCrg,%

. ! Voigt profile is conserved (subject to the numerical Brro
code {Yurchenko et al. 2017) as described by Hill étlal. (301 owever, we note that unless the background lines are digtica
for our selected partitioning using a Doppler line profile.

thin the resulting integrated flux will not be conserved.

A more detailed example of the = 0 andP = 10 bar cross

wavelength, pm sections for the region 6000 — 7000 This shown in Fig[b
100 50 40 25 20 167 125 100 083 for300K(Ieft) and 2000[<(nght). Evenon Fhe.very small &al
P N R P (see a zoom-in in the middle panels of this figure) the- 0

andP = 10 bar continuum cross sections are almost identical:
the diference between the two continuum curvBs= 0 and
P = 10 bar) is barely seen. The bottom panels of Hig. 6 show ab-
solute relative dferencesAa()|/a(v) between these two cross
sections. For our partitioning a 1-2 % accuracy (measurdideas
relative diference between these two profiles) is achieved for
this region. In fact, the dierence is not systematic; therefore,
the integrated fect should be even smaller. For example, inte-
gration of the relative dierenceAa(v) for T = 2000 K in the re-

We assume that the weak lines quasi-continuum form

Total T = 2000 K
P =10 bar

cross sections, cm*molecule
)
S

0 2000 4000 6000 8000 10000 12000
1

! ' ' T c)_o1'cr,1f1 ) ' gion 6700 — 6800 crt gives an error of only 0.004 % using the
Av=0.1cm Error grid spacing ofAy = 0.01 cnt. The fluctuations fo = 300 K

between the high pressure and zero pressure cases aréyslight
higher, but still within approximately 1-2 %. The integratel-
ative diference in this case is about 0.06 % (6700 — 6750'cm
see Fig[h).

The corresponding line shapes are verffedent at these

Ao/a, %

_1'8 , : : , , , . temperatures and pressures. The tétat 0 andP = 10 bar
2000 4000 6000 8000 10000 12000 cross sections have venyfitirent profiles (see Figl 7). However
wevenumber. cm”’ the diference between continuum curves is negligible (see also
' Fig.[8).

Fig. 5. Upper panel: Methane continuum at 2000fK= 10 bar (blue) )
and the total absorption (red). Lower panel: Relatiiedénces of the 3.2. Super-line approach

P = 0 andP = 10 bar continuum cross sections for the three Wavenurp- . . . .
ber grids ofA7 = 0.01 cnt? (red), 0.1 cm® (blue), and 1 cmt (grey). 1 this section we consider temperature-dependent listapér-
lines [Rey et di. 2016), which present a more flexible altivaa

to the Doppler-broadened continuum in terms of the lindilgro

In order to benchmark the zero pressure Doppler-bag@@delling. The super-lines are constructed as temperature
model of the continuum absorption we also computed the célependent intensity histograms as follows (see also @eltaik
responding cross sections using the \oigt line profillPat  structions i Rey et &l. 20116). The wavenumber rangei] is
10 bar,T = 2000 K. We use the simple ExoMol pressuredivided intoN frequency bins, each centred around a grid point
broadening diet of Barton etlal, (2017) to describe the \oigt. Here we assume a general case of non-equidistant grids with
broadening of CHl lines by 100 % H. The J dependence of variable widthsAy,. For eachvi the total absorption intensity
the pressure-broadened half-widsh,is similar to that used by Ik(T) is computed as a sum of absorption line intensities
lAmundsen et al/ (2014), and the temperature-dependenoe exp . N
nent,n, is assumed to be a constant. The broadening mode|is_ _1 gns(2J" + 1)Aa x| ZS2E” [1_ ox (g)] (5)
provided as part of the supplementary material to this paper "' ~ 8zci2  Q(T) f T P ’
grid spacing ofA¥ = 0.01 cnt! was chosen. Figuig 5 (bottom
panel) also shows the relativefidirence between the Dopplerfrom all i — f transitions falling into the wavenumber bin
based continuunR = 0) and the realisti® = 10 bar continuum [Vk—A¥/2...%+A¥/2] at the given temperatuiie HereAjs is
(Voigt) on three grids of 0.01, 0.1, and 1 chat T = 2000 K. the Einstein A cofficient (s7%), cis the speed of light (crs™2),
The grid of 0.01 cm'* shows the fluctuations of the error withinQ(T) is the partition functionE” is the lower state term value
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Fig. 6. Comparison of thé = 0 andP = 10 bar cross sections for 300 K (left) and 2000 K (right): klé&otal P = 0), blue (continuunP = 0),

and red (continuun® = 10). The middle panels are a zoom-in of the continuum, als®fe 0 andP = 10 bar, which are almost indistinguishable
in the upper panels. The lower panels show the relatiVerdince between tie = 0 andP = 10 bar continuum cross sections as defined in[Bq. (4).
The integrated area of the relativefdirence is 0.06 % over the region 6700 — 6750 wavenumber grid oAy = 0.01 cnt? was used.

deed, each super-line can be dressed with the correspdirding
L L ! ! profile to generate actual cross sections for the correspgnd
5x107% ——0bar,2000K | T and any given pressure broadening, provided that these line
—10bar, 2000 K profiles depend only on the line positions and temperature, a
not on the quantum numbers, for example. In fact, the main dis
= advantage of the histograms is that they lose any informatio
on the upper and lower states, including the quantum numbers
This information is important when dealing with the pregsur
dependent line profiles, which often show strong variatidth w
‘ guantum numbers, particularly It is still possible to assume,
w however, that the continuum is nearly featureless and tbtis n

4x10% 1

3x1022 1

Cross sections, cm?molecule

very sensitive to dependence of the line profiles on the gumant
numbers of the upper or lower states.

In order to illustrate the applicability of this approxirat,
in Figure[8 we show the error of the methane continuum at
Fig. 7. Comparison of the® = 0 andP = 10 bar line profiles used T = 2000 K andP = 10 bar as the dierence between two
to generate cross sections at 2000 K in the region of L@&i5Thea, cross sections: (i) obtained using thalependent Voigt-profile
model with theJ-independent line broadening was used. The wavenummodel by Barton et al! (2017) and (ii) obtained using cortstan
ber gridA7 is 0.01 cnt*. Voigt parameters, relative to the total methane cross@estit

these values of andP. The error is within 0.05 % for most of
the frequency range and not larger than 0.1 %. Another attefa

(cm™h), ¢ is the second radiation constant (K crg)s is the of the histogram method (apart from the limited profile digscr
nuclear statistical weighg; is the rotational angular momentuntion) is the error of the line position within a bin. Theredpthe
quantum number of the upper state, &mds the line intensity or smaller the bin, the better the accuracy of the super-Iste i
absorption coficient (cnf/molecule cm*). Each grid pointi The important advantage of histograms is that they are very
is then treated as a line position of an artificial transisuper- ropust and ficient for computing cross sections thanks to a rel-
line) with an efective absorption intensiti(T). The super-line atjvely small number of super-lines defined by the densitjef
lists are then formed as catalogues of these artificial tians  wavenumber grid, which is therefore much smaller (at least f
{7 I(T)} with pre-computed intensitiek. This can be com- methane) than the number of the original lines. For example,
pared to the temperature-independent ExoMol-type Air} or  with the 0.01 cm! grid spacing, the size of a histogram at a
temperature-dependent HITRAN-ty(&;, 1i(T)} line lists. givenT is only 1,200,000 grid points (super-lines) for our line

As in the case of the conventional line lists, the superslinéist coverage £ 12,000 cntt), which is much smaller than the
can be used in line-by-line modelling of absorption cross seoriginal 34 billion lines. Even for the more sophisticatexdi-
tions, which significantly reduces the computational colsts grid model suggested by Tennyson etlal. (200)£ 105 cm™?

2X10>22 T T T T T T T T T T
1613 1614 1615 1616 1617 1.618
wavelength, pm
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Fig. 9. Relative errors using the histogram modéek 1,000 000 to

Fig. 8. Relative error from usingl-independent line broadening todescribe the methane continuunifat 2000 K andP = 10 bar as the

describe methane continuum at high temperatiire=( 2000 K) and di . ; . .

- . ifference with the 34t010 cross sections (Voigt model) redativthe
pressureR = 10 bar) as the dierence between two cross sectiods ( total 34t010 cross sections. The wavenumber gridiof 0.01 cntt is
dependensy model vsJ-independent model) relative to the total cross

sections. The wavenumber grid &% = 0.1 cnT? is used. Used.

for 10-100 cm?, 104 cm* for 100-1,000 cmt, 0.001 cnt?
for 1,000-10,000 cm', and 0.01 cm! for > 10,000 cnT?) we
obtain only 28,200,000 super-lines, which also should o b
problem for line-by-line practical applications. Sinces thong Now we turn to the case of the pure Doppler broadening
wavelength region is always more demanding in terms of the 48 = 0 bar, T = 2000 K, grid spacing\v = 0.01 cn1?), where
curacy, such dynamic grids are more accurate. In the fatigwithe lines are sharper and narrower, such that the line width m
we propose another dynamic grid based on a constant regolJgcome comparable or even smaller than the grid spacing. Fig
power,R. ure[10 illustrates the errors for the same three histogranetso

In order to benchmark the super-line approach we have cohie uniform histogram | of 0.01 cm (1,200,000 points) ex-
puted three sets of histograms f6r = 2000 K representing hibits the largest errors in the low frequency region, whiie
the continuum of methane (i.e. from the weak lines only) u~o adaptive grids show errors within about 4-5 %. Cleaxly,
ing the following grid models: histogram | with a constanidgr = 0.01 cnT! is too coarse for the super-line approach to describe
spacing of 0.01 crrt (1,200,000 points); histogram Il with fourthe low frequency range in the the zero pressure case; there-
subgrids proposed lhy Tennyson €tlal. (2016) (28 million {din fore, we recommend using grids with more points (lines) & th
and histogram Il with a constant resolving povRsf 1,000,000 region below 1000 crt. For the denser histograms Il and 1|
(7,090,081 points). The constaRigrid can be defined to havethe error drops t6<0.2-0.5 %. Histogram IlI (resolving power
variable grid spacings as given by R = 1,000, 000) shows a more even error distribution.

illustrates the relative errors obtained for tRe= 1,000 000
histogram model.

Yo
AV
Thus, the vavenumber grid point (k = 0. .. N(R)) is given by

R.

Ve =vad, (6)

wherea = (R+ 1)/Randva = g is the left-most wavenumber
grid point (cnt?). The total number of bin\(R) is given by

7B
~ log 7
loga’

N(R) (7)

[aw(s L)'aw(34t01 O)]/aTotal‘ %

|
2 L
wherevg = vy is the right-most grid point anM(R) + 1 is the . 2000 K
total number of the grid points. -3 Obar
Histograms I, 1, and Il were used to generate the contil 4] -
uum cross sections of GHat P = 10 bar. Here we assumed 0 2000 4000 6000 8000 10000 12000

the Voigt profile with constant parameteng (= 0.051 cnt?,

n = 044, Ty = 298 K, andPy = 1 bar) and used the grid
with A7 = 0.01 cnT*. These cross sections were then compareg}, 10. Relative error from the histogram model for thredefient

to the corresponding continuum cross sectiohis=( 2000 K, grids to describe the methane continuunT at 2000 K andP = 0 bar

P = 10 bar) computed line-by-line directly from the 34t010 lines the diference with the 34t010 cross sections (pure Doppler model)
list. All histogram models show very similar, almost ideali relative to the total 34t010 cross section®at 0 bar. The wavenumber
deviations, well below 0.1 % for most of the range. Figllre @id of A7 = 0.01 cnt* is used.

wavenumber, cm’™
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A similar comparison fofT = 300 K showed even better
agreement, with errors about an order of magnitude smaider t
those found folT = 2000 K. Using a coarser grid to simulate
cross sections (e.@v = 0.1 cnT?) also drops the errors by an
order of magnitude.

For super-lines it is obviously important that the undemtyi
grid spacing is not too large compared to the line width. Th
is illustrated in Fig[IlL, which shows tHe = 0, T = 2000 K

continuum cross sections modelled using fhe 100 000 his- 10° . . : .
togram with the Doppler profile. It is clear that the Doppieel L 10tp — 10% — 10% — 10% ]
width is smaller than the separation between the supeslin & ] — 10% — 10 101
which leads to strong oscillations. In fact, the same histog = ] 1
performs well in the case of much broader lines when modglli <1 1073

P = 10 bar, Fid 8.

T

1071

0 2000 4000 6000 8000 10000 12000
wavelength, pm 7 [em™!]
10.0 5.0 4.0 2.5 2.0 1.67 1.25 1.00 0.83
T =2000 K 100 T =2000K, P = Obar, weak (histogram) + strong
Q<
2
3
° =~
S
= _ , _
3] 25 ; 3
- 10 T __I.' T T .." T T T ',.' T T

@ 0 ..2000 4000 6000 8000 “ 10000 "-.12000
% A _-|'- A ] R -
g -22
o 1X107°4 L .
S - i
(5} " ] ~

8x107% 1 i TATATH = 4

6x102 Doppler profile (P = 0 atm) | 0 2000 4000 6000 8000 10000 12000

X T T T T = —_
7247 7248 7249 7250 7 [em™]

wavenumber, cm”

Fig. 11. Inappropriate use of the super-line approach when the g
is too coarse. The super-lines use a resolutioR ef 100 000, which

is not suficient, due to the narrow Doppler profiles at zero pressur
T = 2000 K. The cross section was computed ofva= 0.01 cnT?
grid.

In order to estimate the impact of the errors in the continuu
models in actual atmospheric radiative transfer and retrigal-

culations, we have calculated the transmissioand the relative 5
error in the transmission7 /7 corr from the continuum models, =
where =
<]
~ AT T - TCOTI’
7 = exp-a(®)ul, Teorr  Teorr (8) 0 2000 4000 6000 8000 10000 12000
7 [em™!]

anda(7) is the total cross sectiom,is the column amount, and

T corr IS the correct transmission calculated from the direct-line

by-line evaluation of the 34t010 line list using thgVoigt model Fig. 12. Transmissions computed using the Doppler model (upper
(Barton et all 2017). We show the transmissions and errorspianel) and histogram continuum modefs 1,00Q 000, middle and
Figure[I2 obtained using both continuum models with colun‘i‘?(i)’z"fr %?,L,r‘e's('%sw'th re'%g've errors f?T:zthe column amount$®100°%,
amounts ranging from £8to 10?* moleculgen? atT = 2000K, 107 10, 107, and 16" moleculgcnr at T = 2000 K,P = O and
andP = 0 andP = 10bar. The histogram model perform%—‘: 10bar. The upper part of each panel shows the total transmis-

t I Il for the hiah I | ion obtained from both the strong and weak lines at this ezatpre,
extremely well for the high pressure case (lower panel) wi ile the lower part shows the relative error compared talttect line-

the errors within 1% and significantly better than the Dopplg,..jine evaluation from the 34t010 line list using thg Voigt model
grid model (upper panel). The errors in the histogram motlel [[2017). The error in regions with very low traissions
zero pressure are higher, due to the very narrow lines atl snjal10-#) are removed as the medium is optically thick.
wavenumbers (middle panel), but should be acceptable fet mo

of the applications (within 5 9%). If higher accuracy is reui,

the histogram resolution should be increased.
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4. Hybrid line list and temperature-dependent containing the total absorption within th& bin is then used
continuum cross sections as a super-line. We find that the super-lines built as histogr
o ] ] on an adaptive grid of a high resolution are more accurate for
Our partitioning of the total 34,170,582,862 lines in ouwneabsorption modelling, and therefore was put forward as #e E
34t010 line list leads to 16,776,857 strong and 34,1530, Mol standard. The typical errors even for dense grids arkimvit
weak lines. The latter were used to (i) generate temperatutey,, With our selected partitioning we retain 17 million stgo
dependent continuum cross sections (Doppler-broademetl) fines for our strong line lists and computed a set of histogra
(if) temperature-dependent histograms of super-lineghifol-  containing 7,090,081 points (super-lines) for a set of hapter-
lowing set of temperatures: 296 K, 400 K, 500 K, 600 Katures using a dynamic wavenumber grid with a resolution of
700 K, 800 K, 900 K, 1000 K, 1100 K, 1200 K, 1300 K,r = 1,000 000. The strong lines are given as the ExoMol line
1400 K, 1500 K, 1600 K, 1700 K, 1800 K, 1900 K, and 2000 Kjst while the continuum histograms are presented using ioe
A wavenumber grid with constarR = 1,000,000 consist- Mol format developed for cross sectiohs (Tennyson &t al6p01
ing of 7,090,081 points (super-lines) was adopted for the /e recommend using this hybrid line list based on the stiper-|
tal range of 0 — 12000 cm. The remaining 16,776,857 strongapproach for line-by-line atmospheric modelling of methah-
lines together with the .states file containing 8,194,0%t@®S sorption. For low pressures and short wavelengths, théutiso
form a line list in the standard ExoMol format (Tennyson et ahight need to be increased to higher than 1,000,000, dueto th
2016). The super-lines are stored in the two-column forniéit Wyery narrow Doppler-broadened lines and their low density |
the frequency wavenumbers (chh and absorption cdicients  this region.
(cm/molecule), which is the same as the format used for the Ex- The integrated errors of cross sections over an extended fre
oMol cross sections (Tennyson et'al. 2016). Thus, the hiatog quency range (significantly larger than than linewidth)fatend
format does not require any information on the uplperer tg be vanishingly small if the line profiles used preservesttea
states, temperature, partition function, or statisticaighits; only - (subject to numerical accuracy). That is, for opticallyithtmo-
the line profile specifications are needed. The line broadenipheres both continuum models will guarantee that exaete@ms
can only depend on the wavenumber. The hybrid line list ismivfor the integrated opacities. We have also shown that eveirein
as supplementary material to this paper via the CDS dalabaggse of realistic, not optically thin media, the super-tipproach
and can also be found on the ExoMol welfite also include |eads to very small error transmission.
the VOigt model used in the simulations of cross sections. The data can be accessed via the CDS datamgmm the
ExoMol databasB.

5. Conclusion
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