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ABSTRACT11

A methane line list for the HITEMP spectroscopic database, covering 0-13,400 cm−1 (>746 nm),12

is presented. To create this compilation, ab initio line lists of 12CH4 from Rey et al. (2017) ApJ,13

847, 105 (provided at seperate temperatures in the TheoReTS information system), are now combined14

with HITRAN2016 methane data to produce a single line list suitable for high-temperature line-by-15

line calculations up to 2000 K. An effective-temperature interpolation model was created in order16

to represent continuum-like features at any temperature of interest. This model is advantageous to17

previously-used approaches that employ so-called “super-lines”, which are suitable only at a given18

temperature and require separate line lists for different temperatures. The resultant HITEMP line19

list contains ∼32 million lines and is significantly more flexible than alternative line lists of methane,20

while accuracy required for astrophysical or combustion applications is retained. Comparisons against21

experimental observations of methane absorption at high temperatures have been used to demonstrate22

the accuracy of the new work. The line list includes both strong lines and quasi-continuum features23

and is provided in the common user-friendly HITRAN/HITEMP format, making it the most practical24

methane line list for radiative transfer modeling at high-temperature conditions.25

Keywords: brown dwarfs — exoplanet atmospheres — high resolution spectroscopy — methane —26

molecular spectroscopy — radiative transfer27

1. INTRODUCTION28

On Earth, atmospheric methane (CH4) is a prominent29

greenhouse gas that has seen a steady increase over the30

last decade (Fletcher & Schaefer 2019). Terrestrial CH431

has both natural and anthropogenic sources, with at-32

mospheric monitoring of CH4 typically achieved using33

infrared spectral observations (Jacob et al. 2016). CH434

is also the main constituent of natural gas, and plays a35

central role in combustion. At high temperatures, CH436

spectra can be used for diagnostics of hydrocarbon com-37

bustion processes throughout the infrared (Nagali et al.38

Corresponding author: Robert J. Hargreaves

robert.hargreaves@cfa.harvard.edu

1996; Pyun et al. 2011; Sajid et al. 2015; Tancin et al.39

2019).40

Beyond terrestrial environments, CH4 has been iden-41

tified in the spectra of numerous sub-stellar astrophys-42

ical environments (Hall & Ridgway 1978; Lacy et al.43

1991; Mumma et al. 1996; Young et al. 2018). CH444

absorption in the 1.0-2.5 µm region is the characteriz-45

ing feature of T-type brown dwarfs (Oppenheimer et al.46

1995; Kirkpatrick 2005; Canty et al. 2015) with effec-47

tive temperatures of ∼500-1400 K (Bailey 2014). This48

attribute can be exploited to identify T dwarfs through49

‘methane imaging’ (Tinney et al. 2018). For mid-to-50

late L dwarfs, CH4 absorption can remain observable51

near 3.3 µm for higher temperatures (Noll et al. 2000;52

Stephens et al. 2009). As the temperature drops, CH453

absorption remains dominant in the spectra of Y dwarfs54
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(Cushing et al. 2011; Kirkpatrick et al. 2012) and is55

also present in the atmospheres of the giant planets (Ir-56

win et al. 2005; Mueller-Wodarg et al. 2008) and Titan57

(Karkoschka 1994; Atreya et al. 2006).58

Since the detection of 51 Pegasi b (Mayor & Queloz59

1995), there are now in excess of 4000 known exoplan-60

ets. Studies of transiting exoplanets have been able to61

probe the atmospheres of a small number of these ob-62

jects (Tsiaras et al. 2018), with observations of water va-63

por (Grillmair et al. 2008) and carbon monoxide absorp-64

tion (Konopacky et al. 2013). Models predict CH4 to be65

more abundant than carbon monoxide below ∼1300 K66

(Burrows & Sharp 1999), yet observations of CH4 have67

only been reported in the spectra of five exoplanets to68

date: HD 189733b (Swain et al. 2008), HD 209458b69

(Swain et al. 2009), XO-1b (Tinetti et al. 2010), HR70

8799b (Barman et al. 2015) and 51 Eridani b (Macin-71

tosh et al. 2015).72

Many exoplanet observations have used instruments73

with low resolving powers (Brogi & Line 2019), where74

R = λ/∆λ . 200, which can limit the capability to iden-75

tify individual molecular species. However, recent spec-76

troscopic techniques such as cross-correlation (Snellen77

et al. 2014) and Doppler tomography (Watson et al.78

2019) are able to take advantage of high resolution in-79

struments (R ∼ 25, 000− 100, 000) to definitely confirm80

detections of H2O (Birkby et al. 2017), CO (Snellen et al.81

2010), TiO (Nugroho et al. 2017), as well as neutral and82

ionized atoms (Hoeijmakers et al. 2018), from exoplanet83

transit spectra. These methods have also highlighted84

the need for line lists to be both accurate and complete85

at high resolutions (Hoeijmakers et al. 2015).86

The pressing need for improvements to line lists for87

planetary spectroscopy (including CH4) have been em-88

phasized in a number of review papers (Tinetti et al.89

2013; Bernath 2014; Fortney et al. 2016; Tennyson &90

Yurchenko 2017; Fortney et al. 2019). These improve-91

ments are essential to make the most of measurements92

from the forthcoming Atmospheric Remote-sensing In-93

frared Exoplanet Large-survey (ARIEL) mission (Tinetti94

et al. 2018), which is dedicated to exoplanet observa-95

tions. Furthermore, the James Webb Space Telescope96

will provide a significant advancement in the capability97

to characterize exoplanet atmospheres using moderate98

resolution (R . 3500) spectroscopy (Greene et al. 2016).99

1.1. Methane spectroscopy100

The polyad nature of CH4 is a consequence of all four101

vibrational modes having the relationship ν1 ≈ ν3 ≈102

2ν2 ≈ 2ν4 ≈ 3000cm−1. Each polyad is identified by Pn,103

where n = 2(v1 +v3)+v2 +v4 (with vi equal to the num-104

ber of quanta of each mode), but named according to the105

number of vibrational bands within each polyad. For106

example, the second polyad P2 contains 5 vibrational107

bands (ν1, ν3, 2ν2, 2ν4, ν2+ν4), and is therefore referred108

to as the pentad (Boudon et al. 2006). Due to the tetra-109

hedral symmetry of the CH4 molecule, the degenerate110

overtone and combination vibration states involved in111

successive polyads are split into sub-levels, which com-112

plicates ro-vibrational band patterns for analyses. Early113

versions of spectroscopic databases specifically devel-114

oped for CH4 and other high-symmetry molecules, such115

as TDS (Tyuterev et al. 1994), STDS (Wenger & Cham-116

pion 1998) and MeCaSDa (Ba et al. 2013), have been117

constructed using empirical effective models for isolated118

polyads.119

The HITRAN2016 database (Gordon et al. 2017) de-120

tails the most accurate collection of line parameters for121

CH4, with a primary focus towards the modeling of the122

terrestrial atmosphere. This is also the focus of the123

GEISA (Jacquinet-Husson et al. 2016), MeCaSDa (Ba124

et al. 2013) and GOSAT (Nikitin et al. 2015b) databases.125

These linelists, which are based on experimental mea-126

surements and/or empirical fits of laboratory spectra,127

suffer from incompleteness issues for high-temperature128

conditions because of insufficient information on exper-129

imentally measured and assigned transitions. They are130

therefore unsuitable for astrophysical applications with131

a large range of temperatures.132

Assigning individual transitions becomes a significant133

challenge in dense spectra with numerous blended fea-134

tures, as is the case for CH4. Since HITRAN2016, there135

has been steady progress in assigning room-temperature136

and lower-temperature spectra (Nikitin et al. 2017a,137

2018; Rodina et al. 2019; Nikitin et al. 2019). Many138

of these studies, as well as HITRAN2016 updates, have139

already benefited from supplementary information for140

the resonance interaction parameters within vibrational141

polyads. These are derived from an ab initio poten-142

tial energy surface that made analyses of experimen-143

tal spectra more consistent and reliable, as described144

in Tyuterev et al. (2013). However this was only done145

for cold bands and for relatively low polyads up to146

∼7300 cm−1. The difficulty of extending assignments147

is strongly exacerbated at higher temperatures. For148

this reason, a number of high-temperature laboratory149

measurements have been made of CH4 in both emission150

(Nassar & Bernath 2003; Thiévin et al. 2008; Hargreaves151

et al. 2012; Amyay et al. 2018a,b; Georges et al. 2019)152

and absorption (Alrefae et al. 2014; Hargreaves et al.153

2015; Ghysels et al. 2018; Wong et al. 2019).154

On the theoretical side, the hot bands and high-J155

transitions have been included in global variational CH4156

line lists : ‘10to10’ (Yurchenko & Tennyson 2014), as157
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part of the ExoMol project (Tennyson et al. 2016), and158

the Rey et al. (2014a) line list (referred to here as159

RNT2014) as a part of TheoReTS project (Rey et al.160

2016). These works demonstrated that ab initio line161

lists of CH4 could approach the accuracy required for162

high-temperatures, but the inclusion of billions of tran-163

sitions made the resulting full line-by-line lists impracti-164

cal for typical applications. When comparing these line165

lists, Hargreaves et al. (2015) recommended the sepa-166

ration of strong and continuum-like features. Indeed,167

it was shown by Rey et al. (2014a) that it is neces-168

sary to account for approximately 1 million rovibrational169

transitions per 1 cm−1 for CH4 opacity calculations at170

2000 K. To make online computations of the absorp-171

tion cross-section faster, it was suggested to model the172

quasi-continuum formed by the contributions of huge173

amounts of very weak lines using so called “super-lines”,174

as originally implemented in the TheoReTS database175

(Rey et al. 2016). Super-lines represent integrated inten-176

sity contributions from tiny transitions on a pre-defined177

grid of small wavenumber and temperature intervals.178

Updated state-of-the-art ab initio line lists have since179

been published, ExoMol ‘34to10’ (Yurchenko et al. 2017)180

and Rey et al. (2017) (referred to here as RNT2017),181

both of them using the super-line approach for the com-182

pression of relatively weak absorption/emission features183

complemented with lists of medium and strong lines.184

To obtain the full CH4 spectrum, both the strong and185

super-line components are required. In each case, these186

line lists still require a large quantity of strong lines to187

cover the temperature range of calculations. Further-188

more, a separate super-line component is provided at189

each temperature, which makes them difficult to inte-190

grate into existing radiative transfer codes and signifi-191

cantly less flexible than a standard line list.192

1.2. The HITRAN and HITEMP databases193

The HITRAN database contains detailed spectro-194

scopic line-by-line parameters of 49 molecules with many195

of their isotopologues (along with absorption cross-196

sections for almost 300 molecules, collision-induced ab-197

sorption spectra for many collisional pairs, and aerosol198

properties). HITRAN2016 (Gordon et al. 2017) is the199

most recent version of the database, and is freely avail-200

able at HITRANonline1. Recent efforts have been un-201

dertaken to expand the use of HITRAN towards plan-202

etary atmospheres, with the inclusion of additional203

broadening species (Wilzewski et al. 2016; Tan et al.204

2019). However, the CH4 line list in HITRAN2016 is un-205

1 https://hitran.org

suitable for spectroscopy at high temperatures due to is-206

sues of incompleteness. This is a consequence of the ab-207

sence of many vibrational hot bands, high ro-vibrational208

transitions or any other extremely weak transitions (at209

terrestrial temperatures), due to their negligible effect210

in terrestrial atmospheric applications.211

The HITEMP database (Rothman et al. 2010) was212

established specifically to model gas-phase spectra in213

high-temperature applications, and can be thought of as214

a “sister” to HITRAN (with data also provided through215

HITRANonline). One substantial difference between216

HITRAN and HITEMP is the number of transitions217

included for each molecular line list, a consequence of218

the inclusion of numerous vibrational hot bands, high219

ro-vibrational transitions and overtones. This differ-220

ence is most apparent for H2O, where there are cur-221

rently ∼800 times the number of lines in HITEMP2010222

when compared to HITRAN2016. Typically, these223

additional transitions constitute numerous lines (often224

millions) from ab initio or semi-empirical calculations,225

which are then combined with accurate parameters from226

HITRAN. The HITEMP database has been undergoing227

a large scale update (Li et al. 2015; Hargreaves et al.228

2019) and, prior to this work, included seven molecules:229

H2O, CO2, N2O, CO, NO, NO2, and OH.230

For HITRAN and HITEMP, the temperature-231

dependent spectral line intensity of a transition, νij232

(cm−1), between two rovibronic states is given as233

Sij(T ) =
Aij

8πcν2
ij

g′Ia
Q(T )

exp

(
−c2E′′

T

)[
1 − exp

(
−c2νij
T

)]
,

(1)

where Aij (s−1) is the Einstein coefficient for sponta-234

neous emission, g′ is the upper state statistical weight,235

E′′ (cm−1) is the lower-state energy, Q(T ) is the total236

internal partition sum, Ia is the natural terrestrial iso-237

topic abundance2, and c2 = hc/k = 1.4387770 cm K,238

the second radiation constant. To remain consistent,239

the spectroscopic parameters in HITRAN and HITEMP240

are provided at a reference temperature of 296 K and241

the line intensities are scaled to terrestrial abundances.242

The units3 used throughout HITRAN editions do not243

2 One should note that isotopic abundance is dependent upon the
environment and HITRAN is consistent with specific terrestrial
values given by De Biévre et al. (1984). For applications that
do not assume these isotopic mixtures (e.g., exoplanetry atmo-
spheres), this weighting should be renormalized by the user.

3 Line positions in HITRAN and HITEMP are provided in recip-
rocal centimeter (cm−1) and denoted ν (thereby dropping the
tilde that is the official designation of wavenumber, ν̃), and pres-
sure in atm (atmosphere). Intensity is traditionally expressed as
cm−1/(molecule cm−2) rather than simplifying to the equivalent
cm molecule−1.
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strictly adhere to the SI system for both historical and244

application-specific reasons.245

The HITRAN Application Programming Interface,246

HAPI (Kochanov et al. 2016), is available via247

HITRANonline and is provided for users to work with248

the HITRAN and HITEMP line lists. The line-by-249

line nature and consistency between the HITRAN and250

HITEMP databases mean that they are extremely flex-251

ible when modeling a variety of environments. The252

HITRAN and HITEMP parameters undergo rigorous253

validations against observations (Olsen et al. 2019; Har-254

greaves et al. 2019) and are regularly used in radia-255

tive transfer codes such as LBLRTM (Clough et al.256

2005), NEMESIS (Irwin et al. 2008), the Reference257

Forward Model (Dudhia 2017), RADIS (Pannier &258

Laux 2019) and the Planetary Spectrum Generator (Vil-259

lanueva et al. 2018).260

This article describes the addition of CH4 to the261

HITEMP database, bringing the total number of262

HITEMP molecules to eight. The aim of this line list is263

to be accurate and complete, but at same time practi-264

cal (in terms of time required to calculate opacities) for265

high-temperature applications.266

2. LINE LISTS COMPARED IN THIS WORK267

Over the last decade, there has been a significant in-268

crease in the capability of theoretical calculations for269

CH4 spectroscopy at high temperatures (Rey et al.270

2014a; Yurchenko & Tennyson 2014; Rey et al. 2017;271

Yurchenko et al. 2018), which coincides with the re-272

quirement for sufficiently accurate high-temperature line273

lists in order to characterize brown dwarfs and exoplan-274

ets (Tennyson & Yurchenko 2017; Fortney et al. 2019).275

This article broadly describes the three state-of-the-art276

line lists of CH4 that have been used (and compared) in277

this work.278

2.1. HITRAN2016279

In HITRAN2016 (Gordon et al. 2017), CH4 (molecule280

6) contains parameters for four isotopologues: 12CH4,281

13CH4, 12CH3D and 13CH3D. Line parameters are pro-282

vided at 296 K and intensities are scaled for natu-283

ral abundances (0.988274, 0.011103, 6.15751×10−4 and284

6.91785×10−6, respectively). The partition function285

from Gamache et al. (2017) is recommended when using286

HITRAN2016, and is also provided at HITRANonline.287

For 12CH4 there are 313,943 transitions up to288

11,502 cm−1 (P8). Below 6230 cm−1, there are both289

upper-state and lower-state assignments for vibrational290

and rotational quanta for almost all transitions, however291

there are only limited assignments beyond 6230 cm−1.292

The majority of assigned transitions have been validated293

in laboratory experiments, with weaker features being294

provided from calculated line lists such as MeCaSDa (Ba295

et al. 2013). Campargue et al. (2012) provide ∼2500296

assignments between 6230-7920 cm−1. For unassigned297

lines in this region, E′′ has been determined for approx-298

imately half of these lines from spectra at 80 and 300 K,299

and remaining lines contain an estimated E′′. Between300

7920-10,450 cm−1, empirical line positions and intensi-301

ties are provided without assignments and with a con-302

stant E′′ (Brown 2005; Béguier et al. 2015a,b). Finally,303

limited lower rotational assignments are given for lines304

between 10,920-11,502 cm−1 (Benner et al. 2012).305

For all spectral ranges, line-shape parameters have306

been provided from appropriate empirical observations.307

When these were unavailable, line-shape parameters308

have been calculated using the algorithms described by309

Brown et al. (2013) and Lyulin et al. (2009).310

The main issue for the modeling of CH4 absorp-311

tion/emission at elevated temperature is to account for312

the rapidly increasing contributions of hot bands, in313

which a huge amount of excited rovibrational levels for314

high-energy polyads (Tyuterev et al. 2013; Nikitin et al.315

2015a; Rey et al. 2017) are involved. As mentioned,316

HITRAN2016 is unsuitable for high-temperature appli-317

cations due to lack of completeness for hot bands and318

high-J transitions, but also because the assignment de-319

ficiencies and limited knowledge of lower-state energies,320

E′′, for large spectral regions introduce errors at temper-321

atures beyond room-temperature. This is particularly322

true for the portion of the line list beyond 6230 cm−1
323

(i.e., < 1.3 µm).324

2.2. RNT2017 and TheoReTS calculated data325

For this study we use RNT2017, the latest high-326

temperature theoretical line list for 12CH4 constructed327

by Rey et al. (2017) and provided as part of the Reims-328

Tomsk collaboration via the TheoReTS data system329

(Rey et al. 2016). RNT2017 contains significant im-330

provements with respect to the previous RNT2014 (Rey331

et al. 2014a) work, for which a good general agreement332

with experimental spectra up to 1200 K has been ob-333

served by Hargreaves et al. (2015) for the pentad (P2)334

and octad (P3) regions (2.0-3.8 µm) . RNT2017 has re-335

cently been validated against experimental observations336

up to 1000 K for the tetradecad (P4), icosad (P5) and337

triacontad (P6) regions (1.11-1.85 µm) by Wong et al.338

(2019) at resolutions of 0.02, 0.2 and 2.0 cm−1. In addi-339

tion, the region near 1.7 µm has also been validated to340

accurate (±0.002 cm−1) observations at 1000 K by Ghy-341

sels et al. (2018) along with comparisons to MeCaSDa,342

HITRAN2016 and ExoMol 10to10.343
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The RNT2017 line list was created in three steps. The344

first was to provide over 150 billion transitions (with a345

lower-state rovibrational energy cutoff of 33,000 cm−1)346

from first-principles quantum mechanical variational347

calculations using the molecular potential energy sur-348

face of Nikitin et al. (2011, 2016). The line intensities349

were calculated from the purely ab initio dipole moment350

surfaces of Nikitin et al. (2017b). The resulting line list351

ranges from 0-13,400 cm−1 (i.e., > 746 nm) with a max-352

imum temperature of 3000 K.353

To improve the accuracy of the ab initio line positions,354

a second step applied empirical corrections for 3.7 mil-355

lion of the strongest transitions. This involves ∼100,000356

energy levels extracted from analyses of experimental357

laboratory room-temperature spectra. No empirical cor-358

rections were applied to line intensities, which were com-359

puted from an ab initio dipole moment surface using a360

variational method.361

A third and final step follows the recommendation of362

Hargreaves et al. (2015) to separate the empirically cor-363

rected line lists into two components: “strong” and “su-364

per” lines. To obtain the full CH4 spectrum at each365

temperature, both the strong and super-line lists are re-366

quired. The number of lines in each subsequent line list367

(at each temperature) is shown in Tab. (1). Full details368

are described by Rey et al. (2017) with only important369

points explained here.370

From the billions of transitions that are computed, an371

intensity cutoff function, Icut(ν, T ), is used to exclude372

the weakest transitions that have a negligible contribu-373

tion to the total opacity at each temperature. The cutoff374

function has the approximate structure of an extremely375

low-resolution CH4 spectrum and is dependent on the376

wavenumber and temperature.377

To separate between strong and super-lines at each378

temperature, a temperature-dependant scale factor379

(αstrong(T )) is applied to the cutoff functions such that380

Istrong(ν, T ) = αstrong(T )Icut(ν, T ). All transitions that381

have an intensity I(ν, T ) > Istrong(ν, T ) are retained382

for the strong line lists. These strong lines are neces-383

sary for accurate simulation of sharp features in absorp-384

tion/emission spectra. Transitions that have an inten-385

sity Istrong(ν, T ) > I(ν, T ) > Icut(ν, T ) are compressed386

into so-called super-lines (Rey et al. 2016). These super-387

lines are provided on a 0.005 cm−1 grid and account for388

billions of weak transitions. The compression of the full389

line list at each temperature reduces the number of lines390

necessary for line-by-line calculations and increases the391

efficiency of radiative transfer calculations. However,392

the downside of this compression means that the pa-393

rameters of individual contributing transitions are not394

stored (e.g., ν, I, E′′, J ′′). It is also worth noting that395

Figure 1. The intensities and positions of strong and super-
lines from RNT2017 (Rey et al. 2017) at 800 K. The in-
tensity cutoff, Icut(ν, 800 K), and strong line threshold,
Istrong(ν, 800K), are given as the dashed lines. For reference,
each polyad region has been indicated.

the intensity of the super-lines can exceed Istrong(ν, T )396

for high temperatures: a consequence of the super-lines397

including predominantly hot bands and high rotational398

levels, which become increasingly populated at higher399

temperatures.400

Fig. (1) displays the strong and super-line components401

of the 800 K line list, plotted alongside Istrong(ν, 800 K)402

and Icut(ν, 800 K). RNT2017 provides a separate strong403

and super-line list for each temperature, with the files404

used for this work summarized in Tab. (1) along with in-405

tensity sums (ΣSRNT(T )). A total number of 216 million406

lines are required for calculations between 300-2000 K,407

of which ∼179 million are from the strong line lists and408

∼37 million are from the super-line lists.409

The individual RNT2017 line lists are considered com-410

plete up to the maximum wavnumber, νmax, given in411

Tab. (1). Here, completeness signifies that all lines of412

sufficient intensity are included in the calculation. That413

is to say, including additional transitions has a negligible414

contribution to the total opacity, it is converged. For ex-415

ample, the RNT2017 line list at 1200K is complete up to416

11,200 cm−1 with total intensity sum ΣSRNTtot(1200 K)417

= 1.849×10−17cm−1/(molecule cm−2). Line list extrap-418

olation was recommended for wavenumber/temperature419

ranges outside of these limits by scaling the resulting420

super-line intensities.421

422

2.3. ExoMol 34to10423

The ExoMol project (Tennyson et al. 2016) is cur-424

rently at the forefront of theoretical line list calculations425

for astrophysically relevant molecules, along with the426

NASA Ames group (Huang et al. 2017) and TheoReTS427

project (see Sect. 2.2). For 12CH4, the ExoMol 34to10428

line list (Yurchenko et al. 2017) represents an extension429
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Table 1. Summary of the individual 12CH4 line lists used in this work from Rey et al. (2017). At each temperature, the number of lines
(NRNT(T )) and intensity sums (ΣSRNT(T )) are given for the total line list, along with the strong and super-line components.

ΣSRNTstr(T )b, ΣSRNTsup(T )b, ΣSRNTtot(T )b,

T νmax
a NRNTstr(T ) ×10−17 NRNTsup(T ) ×10−18 NRNTtot(T ) ×10−17

(K) (cm−1) (cm−1/(molecule cm−2)) (cm−1/(molecule cm−2)) (cm−1/(molecule cm−2))

300 13,400 1,939,483 1.773 1,734,619 0.008 3,674,102 1.773

400 13,400 3,064,078 1.774 2,123,246 0.023 5,187,324 1.776

500 13,400 3,707,529 1.776 2,401,231 0.054 6,108,760 1.781

600 13,400 3,801,808 1.776 2,546,247 0.136 6,348,055 1.790

700 13,400 5,087,143 1.776 2,645,520 0.239 7,732,663 1.800

800 13,400 7,452,706 1.775 2,677,728 0.367 10,130,434 1.812

900 12,600 6,728,693 1.756 2,519,747 0.662 9,248,440 1.822

1000 12,600 7,638,016 1.730 2,519,825 1.028 10,157,841 1.833

1100 12,000 9,966,742 1.690 2,399,832 1.537 12,366,574 1.844

1200 11,200 11,701,566 1.637 2,239,890 2.117 13,941,456 1.849

1300 10,700 13,041,320 1.573 2,139,895 2.842 15,181,215 1.857

1400 9,500 14,784,894 1.502 1,899,906 3.582 16,684,800 1.860

1500 9,500 14,389,334 1.409 1,899,917 4.500 16,289,251 1.859

1600 8,000 14,591,701 1.323 1,599,953 5.298 16,191,654 1.853

1700 8,000 14,429,314 1.178 1,599,966 6.589 16,029,280 1.837

1800 8,000 14,511,952 1.050 1,599,969 7.660 16,111,921 1.816

1900 6,600 15,699,493 0.961 1,319,967 8.239 17,019,460 1.785

2000 6,600 16,051,329 0.861 1,319,972 9.072 17,371,301 1.768

aThe maximum wavenumber for each line list.

b Intensity sums have been scaled by 0.988274, the natural abundance of 12CH4.

to the previous version, 10to10 (Yurchenko & Tennyson430

2014). The 10to10 line list has been compared to exper-431

imental observations of the pentad (P2) and octad (P3)432

regions up to 1200 K (Hargreaves et al. 2015) alongside433

RNT2014, as well as near 1.7 µm at 1000 K alongside434

RNT2017 (Ghysels et al. 2018). In both cases, it was435

noted that the ExoMol line lists covered important needs436

for astrophysical applications, but were not of sufficient437

accuracy for high-resolution applications.438

Data from the ExoMol group are regularly used to up-439

date the HITRAN and HITEMP databases (Rothman440

et al. 2010; Gordon et al. 2017; Hargreaves et al. 2019)441

because the ab initio intensities for some molecules are of442

exceptional quality. Most notable examples include H2O443

(Barber et al. 2006; Lodi et al. 2011; Lodi & Tennyson444

2012) and CO2 (Zak et al. 2016), where ExoMol inten-445

sities are used for a large portion of the HITRAN2016446

lines. While the ExoMol 12CH4 line lists have not been447

included as part of this work, a brief description is pro-448

vided for the reader because ExoMol 34to10 is the only449

other comparable line list. It is therefore used for high-450

temperature simulations, such as for exoplanet atmo-451

spheres (Barman et al. 2015), and is used for comparison452

here.453

For the 34to10 line list, a total number of 34 billion454

transitions were calculated, with a maximum transition455

frequency of 12,000 cm−1, maximum E′′ of 10,000 cm−1
456

and a temperature range up to 2000 K. The line list was457

also partitioned into “strong” and “weak” components,458

with the strong lines represented by a line list of ∼17459

million transitions and the weaker lines compressed into460

separate super-line lists at each temperature (∼7 million461

per temperature). As is the case for RNT2017, to re-462

produce the full spectrum of CH4 at each temperature,463

both the strong and super-lines lists are required (∼71464

million lines for 300-2000 K).465

The completeness of the 34to10 line list has improved466

when compared to 10to10, with the partitioning of the467

line list making it more practical to use. However,468

the underlying energy levels (and transition frequencies)469

have not been adjusted and therefore the accuracy issues470

noted for 10to10 remain relevant to 34to10. Line inten-471
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sities are also significantly overestimated with respect to472

experimental data for high wavenumber ranges.473

3. A METHANE LINE LIST FOR HITEMP474

HITEMP follows the same format and formalism as475

HITRAN and can therefore be easily used in existing476

line-by-line radiative transfer codes. A single CH4 line477

list that is simultaneously accurate, extrensive and prac-478

tical has been constructed by merging the combined479

RNT2017 and HITRAN2016 line lists.480

3.1. Combining the RNT2017 line lists481

The first step was to combine the strong line lists from482

RNT2017 into a single global list. A spectral line in-483

tensity at T0, given in Eqn. (1), can be converted to484

temperature T using the well-known relationship485

Sij(T )

Sij(T0)
=
Q(T0)

Q(T )
exp

(
c2E

′′

T0
− c2E

′′

T

)
1 − exp(−c2νij/T )

1 − exp(−c2νij/T0)
(2)

where T0 = 296 K for the HITRAN and HITEMP486

line lists. Consequently, all intensities of the RNT2017487

strong line lists were converted to 296 K, then merged488

into a global list of ∼27 million unique transitions.489

The challenge of the second step is to convert the490

super-line lists into “effective” lines that can be used491

in line-by-line radiative transfer calculations. These are492

much more flexible than temperature-specific line lists,493

cross sections or k-correlation tables and make the fi-494

nal HITEMP line list more practical. However, the495

RNT2017 strong line lists are provided at separate tem-496

peratures, meaning it is possible for a strong line at T1497

to be compressed into a super-line at T2. Hence, it is498

also necessary to remove the contribution of the global499

lines from each super-line list to avoid double counting500

of individual transitions.501

The global line list is calculated at all temperatures502

given in Tab. (1), and the same temperature-dependent503

thresholds from RNT2017 (Istrong(ν, T ) and Icut(ν, T ))504

are applied. Considering a transition at ν1 with inten-505

sity I1 at T1, if Istrong(ν1, T1) > I1 > Icut(ν1, T1) then I1506

is part of the super-line list at T1. The line intensity I1507

will be included as part of the super-line intensity of the508

nearest 0.005 cm−1 grid point to ν1. The super-line lists509

are then reprocessed to remove the global strong line510

contributions. In a small number of cases, the strong511

line intensity at T1 was greater than the correspond-512

ing super-line intensity at T1. This issue arises because513

empirical corrections to the RNT2017 strong line lists514

could not be disentangled from the empirical correc-515

tions applied to constituent transitions of each super-516

line, before they were compressed and the line informa-517

tion lost. It was deemed necessary to remove the line518

intensity from the super-line lists, even when this inten-519

sity had to be removed from a neighboring super-line (to520

avoid double counting of the strong line intensity). This521

error is a consequence of attempts to reconstruct the522

original RNT2017 line list (with 150 billion transitions)523

prior to compression and can be completely avoided by524

working with the original line list prior to compression.525

We strongly recommend that for future investigations,526

all line lists be retained, prior to the compression into527

super-lines.528

The reprocessed super-line lists are used to produce ef-529

fective lines that account for the continuum-like absorp-530

tion of CH4. These effective lines must have an effective531

lower-state energy (allowing conversion of intensities be-532

tween temperatures) and can then be included with the533

global line list above. From the intensity ratio of a line534

as given in Eqn. (2), it is possible to determine the E′′ of535

a transition by comparing the line intensity at different536

temperatures. Eqn. (2) can be rearranged as537

ln

[
Sij(T )Q(T )R(T0)

Sij(T0)Q(T0)R(T )

]
=
c2E

′′

T0
− c2E

′′

T
(3)

where R(T ) = 1 − exp(−c2νij/T ). Thus, a plot of538

ln[Sij(T )Q(T )R(T0)/Sij(T0)Q(T0)R(T )] against −c2/T539

yields the lower-state energy E′′ as the slope. This540

method has previously been used by Hargreaves et al.541

(2012, 2015) to produce empirical line lists of CH4542

for high-temperature applications, with a similar two-543

temperature technique employed by Campargue et al.544

(2012) for CH4 and included as part of HITRAN2016.545

This approach is intended to be used for isolated, non-546

blended transitions with the E′′ provided by a single547

gradient. However, when applied to blended features,548

the gradient is determined by the blended feature that549

dominates the line shape at each temperature (Fortman550

et al. 2010).551

Applying this technique to the reprocessed super-line552

lists, it is possible to infer effective lower-state energies,553

E′′eff, for each super-line (i.e., at each 0.005 cm−1 grid554

point), such that the intensity at all temperatures can555

be recovered. In actuality, retrieving a single effective556

line from each super-line grid point is too simplistic. For557

example, at 2000 K, ∼41 billion weak transitions have558

been compressed into 1.3 million super-lines: an average559

of ∼31 thousand per super-line. However, in practice the560

intensity of the super-line appears to be dominated by a561

single transition or, more likely, the combined intensity562

of multiple transitions with similar E′′ over a range of563

temperatures. Hence, it is possible to retrieve an E′′eff564

of a “hot” and “cold” component for each 0.005 cm−1
565

super-line grid point.566
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Figure 2. Effective lower-state energies (E′′eff) have been calculated from the reprocessed super-lines of Rey et al. (2017). A
sample grid point is shown for the pentad (a), octad (b), tetradecad regions (c), and between the icosad and triacontad regions
(d). On the left panels, the reprocessed super-line intensity ratios are plotted for the sample grid points (ν in cm−1), using
Eqn. (3). The retrieved values of E′′eff are provided (in cm−1) for a single line fit (dashed blue) and dual line fit, where the cold
and hot component fits are solid green and red lines, respectively. The right panels display the reprocessed super-line intensities
as a function of temperature for the same grid points, with the shaded region highlighting an upper/lower bound of a factor
of two. In each case, the retrieved values of E′′eff have been used to calculate the intensity contribution from the single line fit
(dashed blue) and dual line fits (green and red) at each temperature, with the combined dual line fit given as a dashed orange
line.
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Figure 3. Comparisons of the RNT2017 lines lists against the more flexible line list from this work at (a) 500 K, (b) 1000 K,
(c) 1500 K, and (d) 2000 K. In each panel, the shaded region indicates the spectral region that is beyond the RNT2017 line lists
bounds at each temperature and are therefore not considered complete. These cross sections have been calculated using HAPI
(Kochanov et al. 2016).
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The left panels of Fig. (2) display the intensity ratios567

against −c2/T from Eqn. (3) for four sample grid points568

located in the pentad (P2), octad (P3) and tetradecad569

(P4) regions, and the region between the icosad (P5)570

and triacontad (P6). As demonstrated, a single line fit571

does not reproduce the intensity relationship, with two572

intersecting gradients clearly observed. On the other573

hand, a dual line fit is able to account for both gradi-574

ents extremely well. The right panels of Fig. (2) dis-575

play the super-line intensities of the same grid points576

for increasing temperature. The effective parameters577

retrieved from the fit in the left panels can be used to578

calculate the intensity of each effective line for the same579

temperatures. The temperature range of dominance for580

the hot and cold components of the dual line fit are581

most clearly observed in Fig. (2d), with the combined582

intensity of both fits matching the grid-point intensities583

extremely well over several orders of magnitude. The re-584

trieved cold component parameters are sensitive to the585

minimum temperature at which the super-line grid point586

is populated (often much higher than 300 K) as well as587

the crossing point for the two gradients. This resulted588

in a slight overestimation when calculating the intensity589

of the effective line at 296 K, Seff(296 K). An empirical590

scale factor of 0.8 was applied to Seff(296K) for the cold591

line to mitigate this effect.592

A dual line fit was attempted for all super-line grid593

points, but many grid points were not populated for a594

sufficient number of temperatures to allow for two sep-595

arate fits. In these cases a single line fit was used. A596

small number of grid points contained “noisy” intensi-597

ties, due to reprocessing of the super-line lists, and these598

fits have been excluded.599

In total, 5,099,138 effective lines have been obtained600

from the analysis of the reprocessed super-line lists, with601

an average of 380 effective lines per wavenumber. These602

have been combined with the global strong line list above603

to give a single 12CH4 line list of ∼32 million lines ca-604

pable of reproducing the intensities of the strong and605

super-lines from RNT2017. The effective lines have a606

special label “el” in the assignment part of the resultant607

line list to emphasize that they do not correspond to608

an actual transition between 12CH4 energy levels. Since609

the effective lines do not have rotational quantum as-610

signments, it is not possible to calculate a statistical611

weight nor Einstein-A coefficient for these lines and con-612

sequently these parameters are set to zero.613

3.2. Broadening parameters and HITEMP format614

Pressure-dependent self-broadening (γself), air-615

broadening (γair) and its temperature dependence (nair)616

have been calculated for each strong line based on617

Brown et al. (2013), which describes the CH4 line list618

parameters included in HITRAN2012 (Rothman et al.619

2013). The broadening parameters depend on rotational620

assignments and cannot be directly applied to the effec-621

tive lines. Instead, values of γself = 0.0680 cm−1/atm,622

γair = 0.0519cm−1/atm and nair = 0.66 have been used,623

based on averaging HITRAN2016 parameters for 12CH4.624

These effective lines will therefore be indistinguishable625

from the strong lines when used in line-by-line radia-626

tive transfer codes, except for the “el” (effective line)627

identifier as part of the line assignment. A pressure-628

dependent line shift has been approximated from line629

positions as δ = −2ν×10−6cm−1/atm. In the context of630

high-temperature applications, there is a large room for631

improvement for these line-shape parameters. For in-632

stance, the HITRAN default format allows only temper-633

ature dependence for γair, and using this temperature634

dependence for γself is only an approximate solution.635

Furthermore, recent works that study the line shape636

effects over a broad range of temperatures (Gamache &637

Vispoel 2018; Stolarczyk et al. 2019) propose the use638

of a double power law as opposed to a power law with639

a single exponent. With that being said, Vispoel &640

Lepère (2019) recently studied CH4 lines broadened by641

N2 but did not observe a large discrepancy between a642

single power law and double power law up to 700 K.643

Another consideration for line broadening of CH4 is by644

“planetary” gases, including CO2, H2, He and H2O. As645

previously discussed, HITRAN provides line broadening646

by CO2, H2, He and H2O (Wilzewski et al. 2016; Tan647

et al. 2019) for several gases. But for CH4, broaden-648

ing by H2O is the only additional perturber currently649

available (Tan et al. 2019). To obtain water-broadened650

parameters, Tan et al. (2019) recommend multiplying651

γair by a single scaling factor of 1.36 and multiplying652

nair by a factor of 1.26. These factors can be applied653

to the HITEMP line list from this work when doing654

appropriate calculations. Broadening parameters for655

other gases will be added to the database in the near656

future as a response to the increasing amount of rele-657

vant experimental and theoretical studies. For instance,658

Gharib-Nezhad et al. (2019) recently measured broad-659

ening of CH4 lines by H2 over an extended range of660

temperatures. Finally, the HITRAN database has re-661

cently introduced advanced line-shape profiles (Wcis lo662

et al. 2016), due to the flexibility offered by the rela-663

tional database structure. These advanced line shapes664

can decrease residuals in terrestrial atmospheric spectra665

to the sub-percent level. While HITEMP line lists could666

also benefit from their inclusion with respect to high-667

resolution combustion measurements, the main target668
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of this work is astrophysical applications where such669

accuracy on the line-shape parameters is not required.670

3.3. Comparison to RNT2017671

Fig. (3) contains a comparison of calculated absorp-672

tion cross sections using the total line list from this673

work against line lists of RNT2017 at four tempera-674

tures (combining strong and super-line components).675

These cross sections are calculated on a fine 0.001 cm−1
676

grid for the full 0 to 13,400 cm−1 spectral range with677

100 Torr of 12CH4, with calculations performed using678

HAPI (Kochanov et al. 2016). To make the comparisons679

appropriate, the same broadening and temperature de-680

pendence has been applied to the RNT2017 line lists as681

was used for this work. In all cases, this work is able to682

reproduce the absorption features seen when using the683

RNT2017 line lists. For the lowest temperatures, the684

first three window regions display differences when used685

at high resolution: a consequence of a slight overesti-686

mation of the effective line strengths of the cold lines687

at 296 K. However, these differences contribute an ex-688

tremely small amount to the total absorption. Tab. (2)689

includes intensity sums from the single line list of this690

work (ΣSTW(T )) calculated at the same temperatures691

as RNT2017. These intensity sums have been compared692

to those of RNT2017, given in Tab. (1). It can be seen693

that the total intensity for the corresponding wavenum-694

ber limits agree with RNT2017 to within 2% up to695

1100 K. This difference increases to a maximum of 6%696

at 1500 K, before reducing towards 2000 K. It should be697

noted that the strong-line sums (or effective/super-line698

sums) are not directly comparable between this work699

and RNT2017 because of differences between the num-700

ber of lines, and therefore intensity, included in each sum701

(see Sect. (3.1)). This metric is not necessarily represen-702

tative of the accuracy of the current work because it is703

heavily weighted to the intensity sum of the dyad and704

pentad regions, but these intensity sums can be consid-705

ered an indicator of the uncertainty of the effective line706

intensities at each temperature.707

In total, this work requires fewer lines than the708

RNT2017 line lists, yet is significantly more flexible709

and able to reproduce the RNT2017 absorption. Cross-710

sections calculated for this work have been done so using711

the second generation of HAPI (Kochanov et al. 2016),712

which is available online4. The updates to HAPI mean713

that absorption cross sections calculated from a line list714

4 https://github.com/hitranonline/hapi2

of ∼32 million can be processed in approximately 450715

seconds on a 12 core 2.6 GHz CPU5.716

For the strong lines that have been empirically cor-717

rected by RNT2017, an uncertainty of between ±0.01-718

0.001cm−1 is obtained, which increases for lines with no719

empirical corrections. This uncertainty corresponds to720

the value reported by Rey et al. (2017) for the com-721

plete line lists. On a line-by-line basis, some of the722

strongest features will have an uncertainty much less723

than this value, whereas above 6300 cm−1 the majority724

of hot lines have not been catalogued and the positions725

are not well known. For the strong line intensities, a726

cautious =20% uncertainty is suggested, although for727

strong lines within polyads up to P5 the intensities can728

be much more accurate. The uncertainly of the effective729

line intensities and positions has not been assigned since730

the contributing lines are not observed and difficult to731

quantify. However the comparisons above indicate that732

these effective lines fall within the uncertainties of the733

strong lines.734

For the remaining line parameters, an uncertainly735

=20% is given for γself, γair and n, and between ±0.01-736

0.001 cm−1 for δ.737

To remain consistent with HITRAN, the strong and738

effective line intensities have been scaled by 0.98827 to739

account for the natural terrestrial abundance of 12CH4.740

3.4. HITRAN2016 replacements and isotopologue741

inclusions742

Where possible, owing to their high reliability,743

HITRAN2016 parameters for 12CH4 have been used744

in place of the RNT2017 values in this work (TW).745

Matches were identified based on the criteria νTW =746

νHIT2016 ± 0.01 cm−1, E′′TW = E′′HIT2016 ± 0.01 cm−1,747

STW = SHIT2016 ± 20 % and a consistent J ′′ between748

line lists. The wavenumber criteria were relaxed to749

±1.0 cm−1 for transitions greater than 10,000 cm−1 due750

to a reduced accuracy of the RNT2017 data. A re-751

quirement for matching J ′′ and E′′ means that regions752

above 6230cm−1, where assignments are limited or lack-753

ing, have very few HITRAN2016 replacements. In total,754

the 12CH4 line list from this work contains 81,245 lines755

replaced by HITRAN2016, which amounts to approxi-756

mately 50% of the HITRAN2016 12CH4 line list.757

The corresponding theoretical line lists of methane758

isotopologues is currently not sufficient for high-759

temperature applications, although progress is being760

made towards assignments (Rey et al. 2014b, 2015;761

5 These tests have been performed with line wings set to 25 cm−1

for each line; the time may vary depending on the width of line
wings taken into account.

https://github.com/hitranonline/hapi2 
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Table 2. Intensity sums for the total 12CH4 line list from this work (ΣSTWtot(T )), along with the strong
and effective components. For comparison with Tab. (1), these intensity sums have been calculated at the
same temperatures.

ΣSTWstr(T )a, ΣSTWeff(T )a, ΣSTWtot(T )a, ΣSTWtot(T ) /

T ×10−17 ×10−17 ×10−17 ΣSRNTtot(T )

(K) (cm−1/(molecule cm−2)) (cm−1/(molecule cm−2)) (cm−1/(molecule cm−2)) (%)

300 1.773 0.0000 1.773 100.0

400 1.776 0.0002 1.776 100.0

500 1.781 0.0007 1.782 100.0

600 1.787 0.0023 1.789 100.0

700 1.794 0.0065 1.800 100.0

800 1.797 0.0164 1.813 100.0

900 1.792 0.0370 1.829 100.3

1000 1.777 0.0741 1.851 101.0

1100 1.746 0.1320 1.878 101.8

1200 1.697 0.2113 1.908 103.2

1300 1.631 0.3080 1.939 104.4

1400 1.548 0.4143 1.962 105.5

1500 1.450 0.5204 1.970 106.0

1600 1.343 0.6164 1.959 105.7

1700 1.230 0.6991 1.929 105.0

1800 1.117 0.7622 1.879 103.5

1900 1.003 0.7990 1.802 101.0

2000 0.895 0.8198 1.715 97.0

aCalculated up to the file limits given in Tab. (1) for natural abundance intensities.

Konefa l et al. 2018; Rey et al. 2018; Starikova et al.762

2019). While it is clear that these line lists are not763

as complete as 12CH4, their absorption contributes just764

over 1% for terrestrial abundances. Therefore at this765

moment the HITRAN2016 line lists for 13CH4, 12CH3D766

and 13CH3D have been included with this work (with767

abundances 0.011103, 6.15751×10−4 and 6.91785×10−6
768

respectively).769

All 31,880,412 CH4 lines included in this work for770

HITEMP are displayed as an overview in Fig. (4). The771

corresponding number of lines for each isotopologue is772

indicated, with lines of 12CH4 separated into strong and773

effective components. A summary of the CH4 line list774

for HITEMP is given in Tab. (3).775

4. ROOM TEMPERATURE COMPARISONS776

The resulting HITEMP line list from this work can be777

compared to high-resolution absorption cross-sections of778

HITRAN2016 at 296 K, calculated using the HAPI rou-779

tines (Kochanov et al. 2016). These comparisons can780

test the accuracy of the known line positions as well as781

the validity of unassigned features.782

Table 3. A summary of the CH4 line list for HITEMP.

Item Details

Isotopologues includeda 12CH4, 13CH4, 12CH3D,
13CH3D

Total number of lines 31,880,412

Proportion of effective lines 16.0%

νmax(T )b 13,400 cm−1 (>746 nm)

Tmax(ν)c 2000 K

T0 Parameters are provided
at 296 K

S(T0) Intensities are scaled for
natural abundances and
given at T0 (see text)

aSee Fig. (4) for number of lines per isotopologue.

bDependant on the temperature coverage given in Tab. (1).

cDependant on the spectral range given in Tab. (1).
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Figure 4. The number and coverage of all CH4 isotopo-
logues included as part of this work towards a line list for
HITEMP, with line intensities plotted at 296 K. The strong
and effective lines of 12CH4 have been indicated.

Fig. (5) details these comparisons for a 10 cm−1 por-783

tion of the dyad (P1), pentad (P2), octad (P3) and784

tetradecad (P4) regions at 296K. For comparison, a cross785

section calculated using the ExoMol 34to10 line list for786

the same conditions is also included. In each of these787

polyads regions, this work is able to replicate all fea-788

tures remarkably well with similar results seen across789

each band. Only small differences are seen on this scale,790

with a large number of the strongest lines having posi-791

tions and intensities identical to HITRAN2016, due to792

consistent assignments below 6300 cm−1.793

Fig. (6) shows a similar comparison as Fig. (5), but794

for the icosad (P5), triacontad (P6), tetracontad (P7)795

and pentacontakaipentad (P8) regions at 296 K. In this796

case the absorption cross sections have been convolved797

to a resolution of 1 cm−1 to account for the expected798

lower accuracy in line positions, and the whole band is799

displayed. Again, the comparisons between this work800

and HITRAN2016 for P5 and P6 are almost identical.801

Here, the lack of assignments in HITRAN2016 means802

that the majority of features in this work are provided803

by strong lines of RNT2017. It is also clear that the804

ExoMol 34to10 line list has noticeable differences com-805

pared to HITRAN2016 and this work at 296 K for806

these bands. Larger discrepancies between this work807

and HITRAN2016 are seen for P7 and P8. However in808

general the overall structure of each band is maintained,809

which is not seen for ExoMol 34to10. For the line po-810

sitions beyond 12,000 cm−1, the accuracy of this work811

is known to be insufficient and differences are observed812

when compared to low-resolution absorption coefficient813

band models of (Karkoschka & Tomasko 2010).814

The experimental measurements of Hargreaves et al.815

(2015) and Wong et al. (2019) contain spectra of CH4816

with terrestrial abundances. The room-temperature817

observations can be used to validate the inclusion of818

CH4 isotopologues from HITRAN2016 into the high-819

temperature line list for this work. The upper panel of820

Fig. (7) includes a CH4 transmission spectrum recorded821

at 296 K covering the pentad region near 3060 cm−1.822

Here, the absorption features of 12CH4, 13CH4 and823

12CH3D can be seen with terrestrial abundances. In ad-824

dition, the lower panel displays an absorption cross sec-825

tion at 295 K for the tetradecad region near 6070 cm−1,826

and again the contribution of the 12CH4 and 13CH4 ab-827

sorption is clearly observed.828

5. HIGH-TEMPERATURE COMPARISONS829

There are limited spectroscopic observations of CH4830

at high temperatures. Nevertheless, the RNT2017 line831

lists available via the last update of the TheoReTS832

database has previously been validated against high-833

temperature experimental observations particularly in834

the frame of the e-PYTHEAS project (Coustenis et al.835

2017)) aimed at astrophysical exoplanetary applications.836

This included DAS laser absorption spectroscopy ex-837

periments at 1000 K in the the region near 6000 cm−1
838

by the Grenoble University group (Ghysels et al. 2018)839

and emission spectroscopy experiments at ∼1300K near840

3000cm−1 by the Rennes University group (Amyay et al.841

2018a,b; Georges et al. 2019). Comparisons with FTS842

measurement at Norfolk University over a larger spectral843

range (5600-9000 cm−1) were reported as an absorption844

cross-section atlas at eight temperatures from 300 K to845

1000 K (Wong et al. 2019). The TheoReTS calculations846

provided the best agreement versus these experiments847

with respect to all other available theoretical lists at el-848

evated temperatures. This was the reason to combine849

the RNT2017 ab initio data with HITRAN2016 in or-850

der to construct the new CH4 HITEMP database in a851

user-friendly unified format. The concept of the present852

HITEMP work is different from that of TheoReTS due853

to the modeling of the continuum-like spectral features.854

Therefore it is necessary to include additional compar-855

isons to validate the line list produced for this work.856

High-temperature comparisons have been made to ex-857

perimental observations of P2 and P3 from Hargreaves858

et al. (2015) and P4, P5 and P6 from Wong et al. (2019).859

Emission spectra for P1 have been measured by Harg-860

reaves et al. (2012); however self-absorption effects make861

them inappropriate for comparisons due to unreliable862

line intensities. The comparisons included here are in-863

tended to give a representative overview of the perfor-864

mance of this work at high temperatures.865

Fig. (8) and Fig. (9) compare the observations of Har-866

greaves et al. (2015) at 1173 K (the maximum tempera-867

ture observed) with a transmission spectrum calculated868

using this work and that of ExoMol 34to10. In each869
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Figure 5. Absorption cross sections (in cm2/molecule) from HITRAN2016 (black) calculated at a resolution of 0.02 cm−1,
296 K and 100 Torr of 12CH4, compared to this work (dashed red) and ExoMol 34to10 (blue). Each panel contains a 10 cm−1

region of the dyad (a), pentad (b), octad (c) and tetradecad (d) regions.

calculation, the experimental conditions of 60 Torr of870

CH4 was used with a path length of 50 cm. Panels871

(a) and (b) compare at the experimental resolution of872

0.015 cm−1 with good overall agreement to this work873

for the majority of the band. The line position accu-874

racy decreases for high-J lines towards the edge of the875

band. Panels (c) and (d) show the same spectra, but876

have now been convolved to a resolution of 0.15 cm−1.877

In this case the residuals throughout the band have878

been significantly reduced (except for strong lines that879

were saturated in the experimental observations and do880

not convolve correctly), which indicates a larger uncer-881

tainly for these high-J lines as they are not included in882

HITRAN2016. For comparison, a cross section calcu-883

lated using the ExoMol 34to10 line list has again been884

included to demonstrate differences at high tempera-885

ture. The same comparisons were made for all tem-886

peratures available from Hargreaves et al. (2015), with887

similar results. At lower temperatures, the line position888

differences are less significant and this work is able to889

model the experimental observations to a higher resolu-890

tion. It is clear that across both polyads, the residuals891

are much larger for ExoMol 34to10 and line positions892

are noticeably shifted. These differences are important893

to note for high-resolution applications (e.g., cross cor-894

relation of exoplanet spectra), which rely on accurate895

line positions. Hence, this work (and HITEMP) pro-896

vides the most accurate high-temperature line list avail-897

able for simulating spectra for these polyad regions up898

to 1173K. When using this line list, care should be taken899

with regards to the accuracy of line positions. As the900

temperature increases, the intensity of high-J lines and901

hot bands increase, which consequently reduces the over-902

all accuracy of line positions to ∼0.15 cm−1 at 1173 K903
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Figure 6. Absorption cross sections (in cm2/molecule) from HITRAN2016 (black) calculated at 296 K for 100 Torr of 12CH4

and convolved to a resolution of 1.0 cm−1, compared to this work (dashed red) and ExoMol 34to10 (blue). Each panel contains
an overview of the icosad (a), triacontad (b), tetracontad (c) and pentacontakaipentad (d).

(i.e., R ∼ 20, 000 for the pentad and R ∼ 28, 000 for the904

icosad). It can be expected that this uncertainty will905

increase for higher temperatures.906

Wong et al. (2019) have previously compared empiri-907

cal absorption cross sections of the P4, P5 and P6 regions908

of CH4 to those calculated using RNT2017 up to 1000K.909

The largest spectral coverage provided by Wong et al.910

(2019) is at 600 K, and comparisons to this work and911

ExoMol 34to10 are shown in Fig. (10) for a convolved912

resolution of 2 cm−1. At this temperature and resolu-913

tion, this work is able to reproduce almost all features914

seen in the P4 and P5 regions. For P6, the overall shape915

of the observed band is reproduced, with a slight differ-916

ence in intensity. The same comparisons were made for917

all temperatures available from Wong et al. (2019), with918

similar results. For all bands, this work has significantly919

smaller residuals than ExoMol 34to10.920

The window regions between the polyad bands become921

important for brown dwarf and exoplanet observations922

and are dominated by the effective lines (i.e., quasi-923

continuum) at high temperatures. It is extremely diffi-924

cult to experimentally validate these regions due to the925

large pressures/path lengths required. However, com-926

parisons with the Wong et al. (2019) measurements to-927

wards the edges of each region appears to imply that the928

intensities for these regions produced by this work (and929

therefore in RNT2017) are in better agreement than930

those from ExoMol 34to10.931

6. DISCUSSION932

The fundamental objective of this work is to create a933

line list to be used for high-temperature applications,934

with HITRAN recommended at room-temperatures.935

However comparisons at 296 K have been used to high-936



16 Hargreaves et al.

Figure 7. (a) An experimental transmission spectrum at 296 K from Hargreaves et al. (2015) near 3060 cm−1, compared to
this work. (b) An experimental absorption cross section at 295 K from Wong et al. (2019) near 6070 cm−1, compared to this
work. In both panels, the contribution of each isotopologue has been indicated, with only those isotopologues that have lines
within the corresponding spectral regions (of this work) shown.

light the quality of the line list from this work. Figs. (5)937

and (6) demonstrate that this work is capable of ac-938

curately reproducing 12CH4 absorption at 296 K. This939

is to be partly expected, since this work contains sub-940

stituted line parameters from the most accurate room-941

temperature line list available: HITRAN2016. For942

polyad bands up to tetradecad, calculated cross sections943

using this work compare extremely well with those using944

HITRAN2016. For the icosad and triacontad regions,945

the position accuracy reduces to around ±1 cm−1, while946

intensities remain accurate to a few percent. For the947

tetracontad region and beyond, these accuracies are fur-948

ther reduced. As explained in Sect. (2.1), the limited as-949

signments and average/estimated values of E′′ provided950

over these regions makes matching lines an insurmount-951

able problem. For this reason, we strongly recommend952

using CH4 from HITRAN2016 for room temperature ap-953

plications. It should be noted, that for calculations be-954

yond 296 K, the line intensities of HITRAN2016 lines955

with average/estimated values of E′′ will lead to an956

increasing intensity error for increasing temperatures.957

This is an additional error due to the lack of hot bands958

and high rotational levels, but emphasizes the need to959

use an appropriate line list for the temperature range of960

interest.961

For high temperature, this work has been compared962

to experimental observations up to 1173 K, based on963

the work of Hargreaves et al. (2015) and Wong et al.964

(2019). For comparisons to the pentad and octad spec-965

tral regions, Figs. (8) and (9), this work is able to ac-966

count for all features within a spectral resolution of967

±0.15 cm−1. Comparisons to Wong et al. (2019) ex-968

perimental absorption cross sections at 600 K, Fig. (10),969

also show excellent agreement at a resolution of 2 cm−1.970

At higher temperatures, the coverage of the experimen-971

tal cross sections provided by Wong et al. (2019) is re-972

duced, which highlights the main difficultly of validat-973

ing high-temperature line lists: a lack of observations.974

CH4 also begins to dissociate towards higher temper-975

atures, making it a challenge to record high-resolution976

spectra without also observing contamination species.977

Many more measurements are required throughout the978

infrared in order to further increase assignments (and979

thereby improve theoretical calculations), but also to980

further validate methane line lists.981

The comparisons presented in this work demonstrate982

that this line list contains the most accurate line param-983
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Figure 8. Comparisons with transmission spectra of Hargreaves et al. (2015) for the pentad region at 1173 K, with 60 Torr of
12CH4 and a path length of 50 cm. Panel (a) displays the full band at a resolution of 0.015 cm−1, with (b) showing a zoomed
in feature. Panel (c) details the same as (a) but with a convolved resolution of 0.15 cm−1, the same zoomed feature is given in
(d). In all panels the observations are given in black, this work red, and ExoMol in blue.
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Figure 9. Comparisons with transmission spectra of Hargreaves et al. (2015) for the octad region at 1173 K, with 60 Torr of
12CH4 and a path length of 50 cm. Panel (a) displays the full band at a resolution of 0.015 cm−1, with (b) showing a zoomed
in feature. Panel (c) details the same as (a) but with a convolved resolution of 0.15 cm−1, the same zoomed feature is given in
(d). In all panels the observations are given in black, this work red, and ExoMol in blue.
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Figure 10. Empirical absorption cross sections of CH4 from Wong et al. (2019) at 600 K, compared to calculations using this
work and ExoMol 34to10 for the tetracontad (a), icosad (b), and triacontad (c) regions. In each case, the cross sections have
been calculated for 100 Torr of CH4 and convolved to 2 cm−1. The lower panels in each plot display the residuals.
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Figure 11. A diagram for the completeness of the
12CH4 HITEMP line list. Each colored region identifies
the wavenumber range of completeness (up to the lim-
its indicated) when used at high temperature. For T <
800 K, the HITEMP line list is complete between ν = 0-
13,400 cm−1, whereas at 2000 K, it is complete between
ν = 0-6600 cm−1. Use of the 12CH4 HITEMP line list at
temperatures/wavenumbers within the grey region will lead
to errors as a consequence of incompleteness and is not rec-
ommended.

eters of CH4 currently available for use at high temper-984

atures. Indeed, a preliminary version of this work has985

already been applied to accurate remote-sensing mea-986

surements of CH4 concentration in flames at 1000 K987

(Tancin et al. 2019). Further validation is ongoing988

for high-temperature laboratory observations (Malarich989

et al. 2019) and exoplanetary simulations (Roudier et al.990

2019).991

The majority of lines contained in this work originate992

from RNT2017, and it is a testament to the accuracy993

of RNT2017 that this work agrees so well with obser-994

vations up to 1173 K. It should be stressed that the ac-995

curacy of line positions and intensities is limited to the996

spectral limits given in Tab. (1) and has been illustrated997

in Fig. (11) for the purposes of this work and therefore998

HITEMP. Using this work for spectral regions and tem-999

peratures that are outside of these bounds will lead to a1000

reduction in accuracy, which increase with temperature.1001

The effective lines included in this work can be con-1002

sidered a negligible source of error up to ∼1100 K. For1003

studies below this temperature, the contribution of the1004

effective line absorption (ΣSTWeff(T ) in Tab. (2)) to the1005

total absorption is seen to be small. Beyond 1100 K,1006

the contribution of the effective lines increases to almost1007

50% at 2000K. Comparison with RNT2017 gives a max-1008

imum difference of 6% at 1500K, with this difference pri-1009

marily due to the effective line strengths. It is actually1010

remarkable that the difference is only 6% when consid-1011

ering that two effective lines are capable of reproducing1012

the absorption between 300-2000 K for a super-line grid1013

point, each of which accounts for tens of thousands of1014

lines. Fig. (12) shows that when compared to Wong1015

et al. (2019) at 1000 K, this increase in absorption from1016

the effective lines actually brings this work closer to ob-1017

servations than the underlying RNT2017 line lists. The1018

significant majority of lines in this region have not been1019

assigned, meaning the uncertainty of line intensities can1020

be quite large. This further highlights the need for addi-1021

tional observations to validate these intensities at higher1022

temperatures.1023

In addition, the effective line uncertainties are a con-1024

sequence of reanalyzing the RNT2017 super-line lists to1025

remove the contribution of the strong lines at each tem-1026

perature. On top of this, super-line grid points that1027

are zero (or have had the intensity incorrectly removed)1028

can introduce anomalies in the dual line fits described1029

in Sect (3.1). The method used for this work is a non-1030

ideal way to obtain the original RNT2017 line lists prior1031

to compression. It can therefore be completely avoided1032

by working with the original line lists. We again em-1033

phasize that original full line lists should be stored prior1034

to super-line compression. We are already working to-1035

wards an improved effective line approach, that can in-1036

crease the accuracy of the effective line intensities over1037

all temperatures by using an appropriate grid.1038

Furthermore, Yurchenko et al. (2017) warn that a uni-1039

form super-line grid can introduce errors when calcu-1040

lating cross-sections for lower wavenumber regions: a1041

consequence of the resolving power, R. They conclude1042

that a constant resolving power grid gives the best re-1043

sults, where R = ∆ν/ν = 100, 000. This provides ∼71044

million grid points for the studied region. This work is1045

restricted to the super-line lists provided by RNT2017,1046

with a fixed grid spacing of 0.005 cm−1. A constant re-1047

solving power grid will be considered for future updates1048

to the CH4 line list for HITEMP.1049

The effective lines are responsible for a continuum-like1050

feature at all temperatures. At higher temperatures, the1051

contribution of the effective lines increases and surpasses1052

the absorption of the strong lines at higher wavenum-1053

bers, most noticeable for the window regions. Obser-1054

Figure 12. Empirical absorption cross sections of CH4 from
Wong et al. (2019) at 1000K, compared to calculations using
this work, RNT2017 and ExoMol 34to10 for the triacontad
region. In each case, the cross sections have been calculated
for 100 Torr of CH4 and convolved to 2 cm−1.
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vations of transiting exoplanets are sensitive to these1055

window regions (in addition to the band centers) as light1056

passes through the limb of the planet’s atmosphere. The1057

contribution to these windows at high temperatures is1058

caused by the continuum lines, and sensitive measure-1059

ments of the CH4 continuum-like absorption would be1060

valuable for validation. Application of this work to sim-1061

ulations/retrievals of brown dwarfs and exoplanets will1062

assist in the validation of these regions at the highest1063

temperatures.1064

The completeness of RNT2017 is clearly described in1065

Rey et al. (2017), where efforts were made to keep each1066

polyad complete up to the temperatures and spectral1067

limits given in Tab. (1). Our current work has been1068

based on the RNT2017 line lists and therefore retains its1069

completeness. The temperature-dependant wavenumber1070

limits are also applicable to this work (and therefore the1071

CH4 HITEMP line list), which have been illustrated in1072

Fig. (11). For temperatures of spectral regions outside1073

of these bounds, a scaling factor was recommended for1074

the RNT2017 super-line lists to extrapolate the absorp-1075

tion and compensate for the lack of hot lines in these1076

regions. However, scaling of the effective lines is not1077

recommended since discontinuities can appear at the1078

wavenumber limits, as shown in Fig. (3) at 12,600cm−1.1079

These discontinuities are a consequence of the effective1080

lines being retrieved from fewer temperatures. For ex-1081

ample, a super-line grid point <6600cm−1 can be popu-1082

lated at all temperatures, whereas one >12,600 cm−1 is1083

only populated up to 800 K, which reduces the quality1084

of the effective line fits. For users who require the full1085

spectroscopic detail of the complete RNT2017 line lists,1086

we refer to the original work (Rey et al. 2017) available1087

from the TheoReTS data system (Rey et al. 2016).1088

To create an accurate and complete line list of CH41089

requires the calculation of billions of transitions. This1090

makes them difficult to use in their entirety, and1091

RNT2017 (and ExoMol 34to10) have attempted to mit-1092

igate this effect by retaining a relatively small number1093

of strong lines that account for the structure of polyad1094

bands, while compressing the remaining calculated tran-1095

sitions into super-lines. However, these super-lines are1096

temperature dependent and lack flexibility due to the1097

loss of unique line information. For RNT2017, this sig-1098

nificantly increases the total number of lines required1099

to cover the full temperature range because a separate1100

list is required at each temperature. In addition, this1101

makes the lines lists difficult to use and are often con-1102

verted into k-correlation tables to speed up atmospheric1103

calculations (Grimm & Heng 2015). However, these ap-1104

proaches do not provide the flexibility and practicality1105

of a single line list.1106

The line list created for this work has been able to1107

combine the accuracy of HITRAN2016 with the com-1108

pleteness of RNT2017 to form a single line list of CH41109

for high-temperature applications. This line list uses1110

the familiar HITRAN/HITEMP format, making it com-1111

patible with existing radiative-transfer software. Fur-1112

thermore, the second generation of HAPI (Kochanov1113

et al. 2016) is able to perform much faster radiative-1114

transfer calculations by using “just-in-time” compiled1115

codes while still using the line-by-line Voigt profile cal-1116

culation with no interpolation. With this approach,1117

the CH4 line list consisting of ∼32 million lines shown1118

in Fig. (4) can be processed in approximately 450 sec-1119

onds on a 12 core 2.6 GHz CPU. These speed improve-1120

ments make radiative-transfer calculations with the CH41121

HITEMP line list practical for all users.1122

Consequently, this work is currently the most accu-1123

rate, and practical line list of CH4 for high-temperature1124

applications. This work is freely available through the1125

HITEMP section6 of HITRANonline and is provided as1126

a compressed ascii file along with a supporting Python1127

tool to extract the line list for a specified spectral range.1128

7. CONCLUSION1129

This work has combined the separate 12CH4 line lists1130

of RNT2017 with HITRAN2016 to provide the most ac-1131

curate line list of CH4 for high-temperature applications.1132

This work encompasses the 0-13,400 cm−1 spectral re-1133

gion and is sufficiently complete to be used in line-by-1134

line calculations up to 2000K. As a result, this work has1135

been included as part of the HITEMP database and is1136

available via HITRANonline.1137

To avoid incorrect conclusions during inter-1138

comparisons with previous work, it is necessary to briefly1139

summarize the difference in terminology and distinctions1140

with respect to each other. The data compression strat-1141

egy applied in the ab initio born databases of RNT20171142

(Rey et al. 2017) and then in ExoMol 34to10 (Yurchenko1143

et al. 2017) consisted of a summation of weak line con-1144

tributions within small wavenumber intervals, with the1145

integrated features defined as super-lines. Typically,1146

these super-lines are provided on a regular grid and1147

include numerous transitions with a large variety of1148

lower-state energy levels. Strong transitions were then1149

provided as separate lists. The super-line approach per-1150

mitted one to speed-up simulations of quasi-continuum1151

absorption/emission cross-sections while the complete-1152

ness was maintained. However, this strategy leads to1153

the loss of information on individual lower-state en-1154

6 https://hitran.org/hitemp/

https://hitran.org
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ergies. Thus a direct extrapolation of super-lines to1155

other temperatures using standard conversion formulae1156

is not possible. It was therefore necessary for RNT20171157

and 34to10 to provide super-line lists for a range of1158

temperatures.1159

In this present study, we adopt a different strategy1160

for spectral data compression at high temperatures. To1161

this end we have combined the most accurate theo-1162

retical calculations for CH4 to date (i.e., RNT2017),1163

with HITRAN2016 parameters. Technically, this task1164

is non-trivial due to separation between “strong” and1165

“weak” transitions. In the TheoReTS database the1166

strong line lists are temperature specific, accounting1167

for the Boltzmann population of lower levels. For the1168

present HITEMP line list, we have combined all strong1169

lines from RNT2017 at various temperatures into a sin-1170

gle line list. That is to say, all transitions which could1171

result in sufficiently sharp features at temperatures up1172

to 2000K are included. In addition, we have determined1173

“effective lines” that can model the quasi-continuum fea-1174

tures. These effective lines should not be confused with1175

the previously described super-lines, even though they1176

have been determined from the super-line lists. The1177

main difference is that we have attributed an effective1178

lower-state energy to each of the effective lines (i.e., it1179

does not correspond to true quantum state or individual1180

ro-vibrational transition), which enables them to be con-1181

verted to any temperature using the standard formulae.1182

The primary advantage of this strategy is the effective1183

lines can be included alongside the strong lines to form1184

a single, practical line list of CH4. This strategy has1185

enabled the production of a line list containing ∼32 mil-1186

lion lines, provided in the HITRAN/HITEMP format1187

and that is compatible with existing radiative-transfer1188

software. This work is able to reproduce the RNT20171189

intensities up to 2000 K, but it must be stressed that1190

using this work outside of the recommended tempera-1191

ture/wavenumber ranges may lead to issues of complete-1192

ness. The effective lines have to be used with caution1193

as they are convenient for radiative-transfer simulations1194

but should not be used for calculating energy levels as1195

they do not represent transitions between real quantum1196

states.1197

The HITEMP line list of CH4 produced for this work1198

has been validated against available high-temperature1199

measurements of CH4 polyads up to 9000 cm−1
1200

(>1.11 µm), the triacontad region. Comparisons to al-1201

ternative CH4 line lists demonstrate that this work is1202

the most accurate at reproducing observations at high1203

temperatures.1204

The majority of the lines in our CH4 line list are due1205

to the principal isotopologue of methane; however the1206

line list has been supplemented with lines of 13CH4,1207

12CH3D and 13CH3D taken from HITRAN2016. In the1208

future, it will be productive to include improved high-1209

temperature line lists for these isotopologues, although1210

they are not expected to be dominant absorption fea-1211

tures in CH4 spectra.1212
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