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 A B S T R A C T

Collision-Induced Absorption (CIA) phenomena play a key role in the atmospheric energy balance, making 
their accurate parametrization a decisive factor in modeling planetary atmospheres. This is the primary reason 
why the HITRAN spectroscopic database includes a dedicated section for CIAs. This section became available 
for the first time in 2012, followed by its first update in 2019. Six years since the first update, and with a 
significant amount of new data now available, it is timely to issue a second update. In this update, new data 
regarding collisional pairs that appear in the CIA section for the first time (N2–Ar, and CO2–H2O) are presented. 
Concerning collisional pairs already present in the database, new data extending both spectral and temperature 
ranges are available for CO2–CO2, CO2–H2, CO2–CH4, H2–N2, O2–O2, and O2–CO2, while new experimental 
data about H2–H2 and H2–He have been included alongside the respective theoretical calculations. Data 
sources, comparisons among different data, and selection criteria, are discussed in detail. The final section 
is focused on identifying the CIA data that would be most valuable for the planetary science and astrophysics 
community in the future.
1. Introduction

Collision-induced absorption (CIA) is a process in which light is 
absorbed by pairs of molecules due to the dipole moment that is in-
duced by their mutual interaction. The HITRAN database has a specific 
section that is dedicated to this absorption mechanism. One should 

I This article is part of a Special issue entitled: ‘HITRAN 2024’ published in Journal of Quantitative Spectroscopy and Radiative Transfer.
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note that the CIA is an absorption mechanism in itself, and does not 
encapsulate the broadening of the monomer absorption lines; however, 
in the experiments, it is not trivial to distinguish it from the far-wing 
effect from the strong monomer lines. The CIA section of the HITRAN 
database was released in 2012 [1], and the first update was published 
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data mining, AI training, and similar technologies. 
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in 2019 and is presented in the dedicated paper by Karman et al. [2], 
where CIA-related mechanisms, nomenclature, and general definitions 
are also presented. This work presents the second update of the CIA 
section. It is focused on the new data that have been added to the 
database after a thorough research of the CIA-related works that have 
been published in the last five years.

The CIA section is organized according to the three main factors 
that influence this absorption mechanism: (1) the chemical composition 
of the interacting molecules (collisional pairs); (2) the frequency of 
the absorbed radiation; (3) the temperature of the gas molecules. 
Consequently, the HITRAN CIA database is organized as follows. Data 
in various frequency ranges are listed for each collisional pair, and data 
at various temperatures are available for each frequency range.

CIA data are of great importance in planetary science because CIAs 
play a crucial role in the thermal balance of planetary atmospheres, in-
fluencing the chemical composition and the physical properties of those 
environments [3]. On Earth, the H2O–N2, H2O–O2, H2O–H2O, and even 
(to a lesser extent) H2O–CO2 collisional pairs contribute significantly to 
the so-called water continuum [4], which is one of the main drivers 
of the terrestrial climate [5]. The N2–N2 [6–8], O2–O2 [9,10] (and 
less dominant N2–O2 [8,11]) also play an important role in modeling 
terrestrial atmospheric spectra at different wavelengths. On Titan, the 
warming effect of N2–N2 and CH4–N2 CIAs inhibits atmospheric con-
densation, helping to maintain its dense nitrogen-rich atmosphere [12,
13]. CO2–CO2, CO2–H2 and CO2–CH4 CIAs may be the key to under-
standing the climate of early Mars and for estimating its past surface 
temperature [14–18]. On Venus, multiple CIA bands from CO2–CO2
collisions influence how solar radiation is absorbed throughout the var-
ious layers of its hot, dense, and CO2-dominated atmosphere [19,20]. 
These examples, beyond underscoring the fundamental role of CIAs 
in planetary climate modeling, represent atmospheres characterized 
by very different average temperatures. Consequently, including CIA 
data for the appropriate temperature range is an important aspect for 
climate models, and this is why the database lists multiple temperatures 
for the same frequency range.

However, limiting the relevance of CIAs to atmospheric energy 
balance alone would be an understatement. For example, (O2 – X) CIAs 
may represent the most detectable O2 spectral features in exoplanet 
transit observations, which can be interpreted as potential biosigna-
tures [21]. In fact, for a potential TRAPPIST-1 e analogue system within 
5 pc of the Sun, the 6.4 μm O2–X CIA may be the only detectable O2
feature for a modern Earth-like, cloudy exoplanet atmosphere with 
biologically produced oxygen when observed by the James Webb Space 
Telescope (JWST) [22]. Moreover, this CIA band would be prominent 
for O2-rich desiccated atmospheres [23], making it detectable with 
JWST in just a few transits [22].

Beyond planetary science, CIAs have technological applications as 
well. They are being explored in the development of compact, re-
sponsive, and cost-effective sensors for industrial hydrogen monitor-
ing [24]. In particular, H2–H2 and H2–N2 CIA processes are promising 
for accurately detecting hydrogen concentrations during its production, 
storage, and transportation [24,25].

The examples above highlight both the broad scientific relevance of 
CIA and its potential technological impact. The present work focuses on 
the ones used to update and extend the CIA section in HITRAN. All the 
database entries that have been inserted/updated are discussed in detail 
in Section 2, where each entry has a dedicated subsection describing the 
relevance, the calculation strategy, and/or the experimental method-
ology used to determine the binary absorption coefficients. Section 3 
presents a concise discussion of a list of not yet studied collision 
pairs, frequency ranges, and temperatures which may be important 
for future investigations in planetary science and astrophysics. Finally, 
conclusions are reported in Section 4.
2 
2. Data

2.1. General definitions and where to find CIA data

The precise definition of all quantities tabulated in a database is of 
primary importance, as it eliminates ambiguity and ensures that users 
can utilize the data correctly. This aspect was discussed in detail in 
Section 2 of the first update [2], where the data format, the listed 
quantities along with their corresponding units, and several remarks 
regarding the distinction between pure gases and mixtures (including 
air) are presented. Readers are strongly encouraged to consult that 
section prior to integrating CIA data into their research activities. 
Anyway, there are two aspects that are worth to be restated here to 
avoid any possible confusion when using the tabulated data. First, the 
binary absorption coefficients reported in HITRAN are expressed in 
cm5 molecule−2. In the collision-induced absorption literature, number 
densities are usually expressed in amagats, the number density of an 
ideal gas at standard temperature and pressure. The binary absorption 
coefficients can be converted as 
𝑘(cm5 molecule−2) = 1.385277 10−39𝛼(cm−1amagat−2) (1)

where 𝛼 and 𝑘 represent the binary absorption coefficients in cm−1

amagat−2 and cm5 molecule−2, respectively. Second, for mixtures con-
taining multiple molecular species, for example 𝐴 and 𝐵, the binary 
contributions take the form 
𝑘(𝜈) = 𝑘(𝐴−𝐴)(𝜈) 𝜌2𝐴 + 𝑘(𝐴−𝐵)(𝜈) 𝜌𝐴𝜌𝐵 + 𝑘(𝐵−𝐵)(𝜈) 𝜌2𝐵 , (2)

where 𝜌𝐴 and 𝜌𝐵 are the number densities of both molecular species. 
The current updated version of the HITRAN CIA database consistently 
tabulates binary CIA absorption coefficients 𝑘(𝐴−𝐴)(𝜈), 𝑘(𝐴−𝐵)(𝜈), and 
𝑘(𝐵−𝐵)(𝜈), separately.

The CIA data can be downloaded from the HITRAN database at 
www.hitran.org/cia. Data are subdivided in two main groups for clar-
ity: Main and Alternate folder (see Table  1, Column 2). Main contains all 
recommended data, while Alternate contains specialized alternatives of-
fering specific advantages (extended temperature ranges, spin statistics 
incorporation, or line list consistency) that may be useful for particular 
applications. Finally, additional information about the data format can 
be found at www.hitran.org/data/CIA/CIA_Readme.pdf.

2.2. The second update

This second update of the HITRAN CIA section represents a sig-
nificant enhancement both in terms of collision pairs and absorption 
bands. Regarding the collision pairs, a total of thirteen have undergone 
some form of modification, two of which have been included in the 
database for the first time. As for the absorption bands, several types 
of changes have been implemented: new bands have been introduced 
for the first time, some existing data have been replaced with more 
recent and accurate measurements or calculations, and the temperature 
range of some bands has been extended. The list of the available bands 
for each collisional pair is presented in Table  1, where modifications 
introduced in this second update are highlighted. Moreover, a graphic 
representation of what is available in the HITRAN CIA database is 
depicted in Fig.  1: this schematic grid displays the collisional pairs 
for which data are available in the database, along with the kind of 
absorption bands included (rototranslational, vibrational, or electronic) 
for each collisional pair.

Of the two collisional pairs that appear in the CIA database for 
the first time, the first one that is listed in Table  1 is CO2–H2O. The 
CO2–H2O CIA has been investigated by Fleurbaey et al. [40] in a 
study that combines Cavity Ring-Down Spectroscopy and molecular 
dynamics simulations (see Section 2.14). These new data are extremely 
relevant for the study of the atmosphere of Early Mars and exoplanets. 
The second one is N2–Ar, for which rototranslational and vibrational 
bands are now available thanks to the computational work of Serov 
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Table 1
Summary of the different bands for all collisional pairs available in the HITRAN CIA database, both Main and
Alternate folders. The ‘‘band description’’ specifies which (forbidden) monomer transitions the data set corresponds 
to and, where ambiguous, of which monomer. The newly added entries are highlighted with different colors following 
the same scheme of Fig.  1.
a 10 data sets are provided for ‘‘equilibrium’’ H2 and 10 data sets are also provided for ‘‘normal’’ H2, which has a 
3:1 ortho:para ratio.
b In addition, 10 conditions for out-of-equilibrium H2 ortho:para ratios are provided, with 10 data sets per ratio. 
System Folder 𝜈 range (cm−1) 𝑇  range (K) # of sets Band description Reference

H2–H2 Main 20–10,000 200–3000 113 Roto-translational, 
fundamental, 
1st overtone

[26]

Alternate 0–2400 40–400 120a,b Roto-translational [27]
Alternate 2500–6000 120–501 7 Fundamental [28]
Alternate 7974–8650 293 1 1st overtone [29]

H2–He Main 20–20,000 200–9900 334 Roto-translational, 
fundamental, 
1st–4th overtone

[30]

Alternate 2500–6000 121–504 7 H2 fundamental [28]
H2–H Main 100–10,000 1000–2500 4 Roto-translational, 

fundamental, 
1st overtone

[31]

He–H Main 50–11,000 1500–10,000 10 Roto-translational [32]
H2–CH4 Main 0–1946 40–400 20a Roto-translational [33]
N2–He Main 1–1000 300 1 Roto-translational [34]
CO2–He Main 0–1000 300 1 Roto-translational [34]
CO2–Ar Main 0–300 200–400 21 Roto-translational [35]
CH4–He Main 1–1000 40–350 10 Roto-translational [36]
CH4–Ar Alternate 1–697 70–296 5 Roto-translational [12]
CH4–CH4 Alternate 0–990 40–400 10 Roto-translational [37]
CO2–H2 Main 5–1500 100–600 6 Roto-translational [38]

Alternate 0–2000 200–350 4 Roto-translational [16]
CO2–CH4 Main 0–720 100–600 6 Roto-translational [39]

Alternate 5–1200 100–600 6 Roto-translational [38]
Alternate 0–2000 200–350 4 Roto-translational [16]

CO2–H2O Main 5700–6300 296 1 𝜈3(CO2) + 𝜈1(H2O) [40]
CO2–CO2 Main 1–750 200–800 10 Roto-translational [41]

Main 1150–1850 192–360 12 Fermi dyad [42]
Main 1120–1800 375–500 6 Fermi dyad [43]
Main 2510–2850 221–297 3 Fermi triad [44]
Main 2850–3250 230–298 4 𝜈2 + 𝜈3 band [45,46]
Main 4000–4500 260–295 2 3(𝜈1∕2𝜈2) band [45]
Alternate 0–250 20–800 7 Roto-translational [41]

N2–H2 Main 0–1886 40–400 10 Roto-translational [47]
Main 3900–5100 296 1 H2 fundamental [24]

N2–N2 Main 0–450 70–200 14 Roto-translational [48]
Main 0–550 210–300 10 Roto-translational [48]
Main 0–650 310–400 10 Roto-translational [48]
Main 1850–3000 301–363 5 Fundamental [49]
Main 2000–2698 228–272 5 Fundamental [50]
Main 4300–5000 200–330 14 1st overtone [7]
Alternate 30–300 78–129 4 Roto-translational [51]

N2–Ar Main 0–300 70–500 44 Roto-translational [52]
Main 2100–2600 300 1 N2 fundamental [52]
Alternate 2131–2559 300 1 N2 fundamental [53]

O2–O2 Main 1150–1950 193–353 15 Fundamental [49]
Main 7583–8355 206–236 4 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [54]
Main 7545–8355 246–346 11 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [55,56]
Main 9060–9596 293 1 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
Main 10,512–11,228 293 1 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (2, 0) [57]
Main 12,600–13,839 296 1 𝑏1𝛴+

𝑔 ← 𝑋3𝛴−
𝑔 (0, 0) [58]

Main 14,206–14,898 293 1 𝑏1𝛴+
𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [59]
Main 15,290–16,664 203–287 4 Double transitions* [60]
Main 16,644–19,628 203–293 5 Double transitions* [60]
Main 20,000–33,670 223–293 3 Double transitions* [61]
Alternate 1300–1850 193–356 7 Fundamental [62,63]
Alternate 7583–8183 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [11]
Alternate 9060–9960 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
Alternate 10,535–11,125 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (2, 0) [11]
Alternate 12,804–13,402 206–346 15 𝑏1𝛥+

𝑔 ← 𝑋3𝛴−
𝑔 (0, 0) [11]

Alternate 14,296–14,806 206–346 15 𝑏1𝛥+
𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
O2–N2 Main 1300–1850 193–356 7 O2 fundamental [62,63]

Main 1850–3000 301–363 5 N2 fundamental [49,64]
Main 2000–2698 228–272 5 N2 fundamental [50,64]
Main 7583–8355 206–236 4 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [54]
Main 7545–8355 246–346 11 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [55,56]

(continued on next page)
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Table 1 (continued).
Main 12,600–13,840 296 1 𝑏1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [58]
Alternate 7583–8133 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [11]
Alternate 12,804–13,402 206–346 15 𝑏1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [11]
N2–Air Main 1850–3000 301–363 5 N2 fundamental [49,64]

Main 2000–2698 228–272 5 N2 fundamental [50,64]
Main 4300–5000 200–330 14 N2 1st overtone [7]

O2–Air Main 1300–1850 193–356 7 O2 fundamental [62,63]
Main 7583–8355 206–236 4 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [54]
Main 7545–8355 246–346 11 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [55,56]
Main 9091–9596 293 1 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
Main 10,512–11,228 293 1 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (2, 0) [57]
Main 12,600–13,839 300 1 𝑏1𝛥+

𝑔 ← 𝑋3𝛴−
𝑔 (0, 0) [58]

Alternate 12,990–13,220 298 1 𝑏1𝛥+
𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [65]
Alternate 7583–8183 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) [11]
Alternate 9060–9960 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
Alternate 10,525–11,125 206–346 15 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (2, 0) [11]
Alternate 12,804–13,402 206–346 15 𝑏1𝛥+

𝑔 ← 𝑋3𝛴−
𝑔 (0, 0) [11]

Alternate 14,296–14,806 206–346 15 𝑏1𝛥+
𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [11]
N2–H2O Main 1930–2830 250–350 11 N2 fundamental [66]
N2–CH4 Main 0–800 70–400 34 Roto-translational [67]

Alternate 0–1379 40–400 10 Roto-translational [68]
O2–CO2 Main 9105–9545 293 1 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (1, 0) [69]
Main 12,600–13,839 296 1 𝑏1𝛥+

𝑔 ← 𝑋3𝛴−
𝑔 (0, 0) [70]
et al. [52], where calculations have been compared with experimental 
data provided by the same research group [71]. The role of these new 
CIA data for modeling nitrogen-rich atmospheres, such as those of Earth 
or Titan, will be extremely relevant.

This second update also includes data for collisional pairs already 
present in the database. New data extending both spectral and temper-
ature ranges are available for N2–H2 [24], CO2–CO2 [43,45], CO2–H2
[38], CO2–CH4 [38,39], O2–O2 [61], and O2–CO2 [69], while new 
experimental data about H2–H2 and H2–He [28] have been included 
alongside the respective theoretical calculations. Among these data, 
two bands are listed in the database for the first time: one regards 
the study of the H2 fundamental band in H2–N2 based on the FTIR 
spectroscopy experimental work by Wei et al. [24], while the other 
one regards measurements of the CO2–CO2 CIA band around 4000 cm−1

reported in Tran et al. [45]. Details about these new data, comparisons 
among different data sources, and selection criteria, are discussed in 
detail in the following subsections.

Fig. 1. Schematic grid that graphically summarizes which collisional pairs are available 
in the HITRAN CIA database. The different colors represent the different types 
of absorption bands: red for rototranslational, green for vibrational, and blue for 
electronic. The newly added data are marked with a star-shaped symbol. The diagonal 
dashed line represents CIA of pure gases.

2.3. H2–H2 fundamental band

The fundamental band of H2 is between 1.5 and 4 μm, a spectral 
range important, among the others, for the study of giant planets’ 
4 
atmospheres, where the H2 CIA represents one of the main sources of 
their infrared opacity. In this spectral region, the colliding molecules 
go through the 𝜈 = 1 ← 0 vibrational transition and different rotational 
transitions, generating the Q, S and O lines, which respectively refer 
to a 𝛥𝐽 of 0, +2, and −2 (where 𝐽 represents the rotational quantum 
number). Those absorption lines are very broad and cannot always be 
resolved individually, generating the observed absorption band. Due to 
the lack of experimental data, new measurements of the H2–H2 binary 
absorption coefficients in the [3600, 5500] cm−1 spectral range have 
been performed by Vitali et al. [28]. In this work, spectra have been 
recorded with a Fourier spectrometer (spectral resolution of 1 cm−1) 
coupled with a multi-pass cell inserted in an atmospheric simulation 
chamber. Details about the experimental setup are reported in [72]. 
Seven temperatures from 120 to 501K have been investigated, and the 
H2–H2 binary absorption coefficients for each temperature are plotted 
in Fig.  2.

Data from these measurements are included in the CIA section 
(Alternate folder), while data from theoretical models [26] remain 
available in the Main folder for a wide temperature range (see Table 
1).

A comparison of Vitali et al. results at room temperature with 
previous experimental data [73–76] around the same temperature is 
shown in Fig.  3. Good agreement can be observed over the whole 
band, apart from a deviation with respect to Brodbeck et al. around 
4155 cm−1, where one of the intercollisional dips is located. At all 
temperatures, Q1(1), Q1(0), and S1(1) intercollisional dips have been 
observed, respectively around 4155 cm−1, 4161 cm−1, and 4713 cm−1. 
The Q1(3) intercollisional dip, around 4126 cm−1 has been observed 
for temperatures higher than 200K, while the Q1(2) intercollisional 
dip around 4143 cm−1 has been detected at temperatures higher than 
120K. Finally the S1(0) intercollisional dip around 4498 cm−1 has been 
detected just for temperatures below 245K.

In the last few decades, various experimental works have observed 
these features in their spectra acquired at temperatures below or equal 
to room temperature [73,77–79]. The most widely recognized process 
thought to generate these features is the interference phenomenon [80]. 
The intercollisional dips seem to arise from the interference of induced 
dipoles between consecutive collisions, which can cause this sharp 
lack of absorption near the frequencies of specific H2 ro-vibrational 
transitions. A blow-up of the four intercollisional dips present on the 
main peak of the band can be visualized in the upper right corner of 
Fig.  2.

A more detailed study of the intercollisional dips is currently a 
work in progress thanks to the upgraded experimental setup reported 
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Fig. 2. H2–H2 binary absorption coefficients for seven temperatures in the [120,501] K temperature range [28]. The light blue shaded regions highlight the spectral ranges where 
the band was partially affected by water absorption. A blow-up of the four intercollisional dips present on the left side of the main peak of the band is shown in the upper right 
corner.
Fig. 3. Comparison between Vitali et al. experimental data (solid violet line) and 
previous works of Bouanich et al. [73] (black circles), Brodbeck et al. [74] (orange 
squares), Mondelain et al. [75,76] (green star and light blue asterisks).

in [28,72]. This upgrade will guarantee higher spectral resolution 
and limit the amount of water vapor absorption contamination that 
presently dominates the far wings of the band (see Fig.  2) by having 
all the transfer optics in vacuum.

2.4. H2–H2 first overtone around 1.20 μm

The binary collision-induced absorption of molecular hydrogen has 
been measured at room temperature in the first overtone region near 
1.20 μm [29]. Binary absorption coefficients were derived by cavity ring 
down spectroscopy (CRDS) at 28 selected spectral points sampling the 
(2-0) band between 7974 and 8650 cm−1. While all previous studies 
used high density samples, the sensitivity of the CRDS method allowed 
deriving accurate CIA by using pressure ramps of pure H2 limited 
to a maximum pressure of 1 atm. After subtraction of the Rayleigh 
contribution, a purely quadratic pressure dependence was obtained 
for the absorption coefficient at each measurement point and the CIA 
binary coefficients were derived with a 1.5% accuracy.

In Fig.  4, the CRDS results of [29], which are placed in the Alternate
folder, are compared to the theoretical calculations by Abel et al. [26] 
provided in the Main folder. These theoretical values (solid green) 
appear to be slightly underestimated by 5%–10%. Since these differ-
ences significantly exceed the experimental error bars, the observed 
5 
Fig. 4. Frequency dependence of the CIA binary coefficient at 293.5K in the region 
of the (2-0) band of H2 and comparison to previous works. The CRDS measurements 
of [29] (yellow squares) are compared to calculated values by Abel et al. [26] provided 
in the CIA main folder of the HITRAN database (gray line) and to calculations by 
Borysow (green line) [81]. Experimental FTS values by Brodbeck et al. (pink line) 
were digitized from Fig. 3 of [82]. The CRDS value near 8075 cm−1 (blue cross) was 
obtained from [83].
Source: Adapted from [29].

deviations provide an estimate of the uncertainty in the calculations. 
However, it is important to notice that Abel et al. calculations cover 
a very large frequency range (20–10 000 cm−1) and a very large tem-
perature range (200–3000K) [26]. The comparison reported in Fig.  4 
also includes the results of Borysow’s calculations (solid gray) [81], 
where the computed binary absorption coefficient are even smaller 
than the one reported in [26], with a difference with respect to the 
CRDS experimental results between 15 and 25%. On the experimental 
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Fig. 5. H2–He binary absorption coefficients for seven temperatures in the [121,504] K temperature range [28]. The light blue shaded regions highlight the spectral ranges where 
the band was affected by water vapor absorption. A blow-up of the four intercollisional dips present on the left side of the main peak of the band is shown in the upper right 
corner.
side, Brodbeck et al. derived H2–H2 CIA values in this spectral region 
using a zero density extrapolation of H2 FTS measurements at densities 
between 125 and 291 amagat (at 298K) [82]. A comparison of these 
FTS results with the CRDS values reported in [29] is included in Fig.  4 
(solid pink), where an overestimation by 10%–30% is observed. Despite 
these differences between the data, the results obtained by Brodbeck 
et al. are still very satisfactory when taking into account the uncertainty 
associated to the extrapolation procedure used in their work [82].

2.5. H2 fundamental in H2–He and H2–N2

The H2–He data, which already contained the theoretically calcu-
lated values by Abel et al. [30] for temperatures up to 9000K, have 
been updated (Alternate folder) with the measurements performed by 
Vitali et al. [28]. The H2 fundamental band has been measured in the 
[3600, 5500] cm−1 spectral range with temperatures from 121 to 504K. 
A description of the experimental setup used can be found in [72]. 
As already mentioned in Section 2.3, the study of the H2 CIA in this 
spectral range could give a valuable contribution to the investigation 
of the atmospheres of giant planets.

Similarly to what discussed for the H2–H2, the absorption band in 
this spectral region is generated by the broad Q, S, and O lines, which 
respectively refer to a 𝛥𝐽 of 0, +2, and −2 (where 𝐽 represents the rota-
tional quantum number) for the same 𝜈 = 1 ← 0 vibrational transition, 
generated by the collision between a H2 molecule and a helium atom. 
Fig.  5 shows the H2–He binary absorption coefficients retrieved from 
the experimental data acquired for the seven temperatures considered 
in [28].

Following the approach reported in Section 2.3, a comparison was 
made between Vitali et al. experimental data at room temperature and 
the measured results obtained by Bouanich et al. [73] and Brodbeck 
et al. [84] is shown in Fig.  6. A good agreement can be noted over 
the whole band, with a visible deviation with respect to the binary 
absorption coefficients measured by Brodbeck et al. around 4155 cm−1, 
where the Q1(1) intercollisional dip has been observed. For the H2–He 
collisional pair, the Q1(3), Q1(2), Q1(1), Q1(0) and S1(1) intercollisional 
dips, respectively around 4126 cm−1, 4143 cm−1, 4155 cm−1, 4161 cm−1, 
and 4713 cm−1, have been observed at all temperatures, except for the 
measurement at 120K, where both Q1(3) and Q1(2) are not detected. 
Moreover, the S1(0) intercollisional dip around 4498 cm−1 had been 
observed only for temperatures below 245K. A blow-up of the four 
intercollisional dips present on the left side of the main peak of the 
band can be visualized in the upper right corner of Fig.  5.

As previously discussed in Section 2.3, an experimental work dedi-
cated to the intercollisional dips will be carried out with an improved 
6 
Fig. 6. Comparison between Vitali et al. experimental data (solid violet line) and the 
previous ones of Bouanich et al. [73] (black circles) and Brodbeck et al. [84] (orange 
squares).

experimental apparatus. The plan is to investigate the dependence of 
the intercollisional dips on the helium concentration.

New measurements of the H2–N2 binary absorption coefficients in 
the H2 fundamental band, reported by Wei et al. [24], have been 
added to the Main folder for the first time. These measurements were 
conducted at room temperature over a pressure range of 0–61 atm 
using a FTIR spectrometer with a resolution of 0.5 cm−1, coupled with a 
29.12 cm high-pressure optical cell. The binary absorption coefficients of 
the H2–N2 pair were inferred using measurements of a 20% H2/80% N2
mixture by subtracting the H2–H2 contribution based on pure H2
measurements. The resulting coefficients are presented in Fig.  7 and 
compared with the earlier data by Hunt and Welsh [85]. While the 
measured H2–H2 binary absorption coefficients from Wei et al. [24] 
generally agree with those of Hunt and Welsh [85], the CIA cross 
sections for the H2–N2 pair near the intercollisional dip differ by ap-
proximately 40%. It is worth noting that the H2–N2 binary coefficients 
reported by Hunt and Welsh were obtained using H2/N2 mixtures up 
to 300 atm (a density difference up to 44 amagat with respect to Wei 
et al. [24]), whereas the H2–H2 measurements were limited to pressures 
up to 100 atm [85]. Therefore, the observed discrepancies in the H2–N2
data are likely due to higher-order effects at elevated pressures. The 
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Fig. 7. Comparison between the measured H2–N2 CIA absorption coefficients by Wei 
et al. [24] (solid lines), now included in HITRAN, and earlier data by Hunt and 
Welsh [85] (dash lines), both at room temperature.

values reported by Wei et al. [24], derived under more moderate 
and binary-representative conditions, are considered more accurate 
for binary absorption and have been included in this HITRAN CIA 
update. These measurements were further validated across different 
H2/N2 mixture ratios and showed good agreement. Additional details 
regarding the experimental setup and validation procedures can be 
found in [24].

2.6. N2–Ar roto-translational band

Argon is a significant component in planetary atmospheres, and 
although its abundance is usually relatively low, the N2–Ar CIA spectra 
may still be relevant in modeling nitrogen-rich atmospheres. Further-
more, it is speculated that N2-𝑋 CIA data at elevated temperatures 
could be of importance for characterizing the cold stars’ atmospheres. 
However, the current dataset is limited to temperatures up to 500K, 
and future studies will be necessary to extend this range to higher 
temperatures.

The N2–Ar CIA coefficients are introduced for the first time (Main
folder), based on the data issued from the trajectory-based simula-
tions carried out in [52]. The simulation of N2–Ar CIA opacity was 
conducted using the trajectory-based approach extended to include 
the vibrational mode of N2, allowing to assess the validity of the 
conventionally used approximation of rigid monomers. To achieve this, 
the full-dimensional representation of the two-body components of 
the intermolecular energy and induced dipole was constructed by ap-
plying the Permutationally-Invariant Polynomial Neural-Network (PIP-
NN) approach, which is discussed in detail in application to weakly 
bound systems in [86]. During the construction of the surfaces, the 
range of variation of the N2 bond was chosen to enable the description 
of monomer vibrational excitations up to 3000 cm−1. Ab initio values 
for both intermolecular energies and induced dipoles were quantum-
chemically derived at dense grids using the coupled-cluster level of 
theory (CCSD(T)-F12 [87]). The contributions from both bound and 
unbound states were accounted for using the same computational 
scheme.

HITRAN CIA tabulates now 44 spectra for temperatures spanning 
from 70 to 500K. To simulate the N2–Ar rototranslational band at 
each temperature, an ensemble of 2 million trajectories was employed, 
and Schofield’s desymmetrization procedure was applied to bring it 
in correspondence with the quantum detailed balance principle. As 
shown in Fig.  8, the results of the trajectory-based simulation exhibit 
satisfactory agreement with the measurements reported by Dore and 
Filabozzi [88] and Ryzhov [89].
7 
Millimeter-wave spectra of the N2−Ar mixture were recorded in
[52] using a resonator spectrometer [71] over a temperature range 
of 278–333K and a frequency range of 170–260GHz. A comparison 
with these measurements, displayed in the inset of Fig.  8, reveals a 
discrepancy with the trajectory-based result of less than 5%.

2.7. N2 fundamental in N2–Ar

N2–Ar CIA coefficients at 300K in the N2 fundamental (2100–
2600 cm−1) based on the theoretical results from Serov et al. [52] are 
included in the updated HITRAN CIA (Main folder). As outlined in 
the preceding section, the trajectory-based framework was extended 
to accommodate the N2 vibration [52], enabling for simultaneous 
modeling of CIA in both the rototranslational band and the N2 funda-
mental band. To achieve converged spectral profile, a set of 60 million 
classical trajectories was employed. Due to its stiffness, the N2 vibra-
tional mode remains largely inactivated when a classical trajectories 
examination is performed at temperatures in the 70–400K range. And 
thus only the harmonic variation in the potential energy determines 
the resulting position of the CIA band. To address this, the position of 
the Q-branch maximum in the theoretical spectrum, which is shown 
in Fig.  8 and reported in HITRAN, was intentionally adjusted to the 
monomer’s band center at 2392.92 cm−1. Additionally, a combination 
of two quantum corrections was applied to the classically calculated 
N2–Ar CIA band in N2 fundamental. First, a procedure put forward 
by Bader and Berne [93], which is commonly employed for adjusting 
vibrational IR amplitudes, was utilized assuming absolute frequency 
scale. Second, the profile was corrected by using the procedure due to 
Schofield [94] with the frequency determined in relation to the band 
center. The trajectory-based profile is shown in Fig.  8, alongside a set of 
experimental data from [53,90–92]. Additionally, the CIA coefficients 
measured by Moreau [53] are provided in the Alternate folder for 
reference.

2.8. CH4–N2

In exoplanet studies, nitrogen-dominated atmospheres are explored 
for super-Earths [95,96]. Particularly in regimes analogous to that of 
warm Titan it is likely that the radiative balance is influenced by the 
CH4–N2 CIA. A prominent example of a nitrogen-based atmosphere in 
the Solar System is Titan, where CH4–N2 CIA is the prevailing source 
of opacity in the 150–450 cm−1 region. In the Richard et al. [1] effort, 
data for CH4–N2 CIA determined by Borysow and Tang [68] were 
adopted. The Main Folder CH4–N2 is now updated with the results 
of the trajectory-based calculations conducted by Finenko et al. [67], 
which provides data at 34 temperatures ranging from 70 to 400K.

Within the trajectory-based approach, while treating collision part-
ners as rigid rotors, the time-evolution of interaction-induced dipole 
is accumulated over an ensemble of 5–10 million classical trajectories. 
The resulting dipole correlation function is subsequently transformed 
into a CIA spectrum via a Fourier transform. The utilized intermolecular 
potential and induced dipole surfaces were obtained from [97], where 
they were constructed based on the ab initio data calculated at the 
coupled-cluster level of theory (CCSD(T)-F12 [87] for intermolecular 
potential and CCSD(T) for induced dipole). The classically derived 
trajectory-based profiles were corrected using a desymmetrization pro-
cedure, which involved a linear combination of the desymmetrization 
factors put forward by Schofield [94] and Frommhold [98]. This semi-
empirical CH4–N2 CIA model was incorporated in the radiative transfer 
model of Titan’s atmosphere of Bézard and Vinatier [99] to gener-
ate synthetic radiance spectra. The parameters of the linear-weighted 
desymmetrization were optimized to reproduce the radiance measure-
ments performed by the Composite Infrared Spectrometer (CIRS) [100] 
aboard the Cassini spacecraft. As shown in Fig.  9, synthetic profiles 
simulated using the semi-empirical CH4–N2 CIA model exhibit excel-
lent agreement with the CIRS data. Simulations using the Borysow 
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Fig. 8. N2–Ar collision-induced absorption spectra at 300 K in the rototranslational band and the N2 fundamental. The red curve represents the results of the trajectory-based 
simulation reported in [52], which are compared to available experimental data: the RT band from [52,88,89] and the N2 fundamental from [53,90–92]. A shaded area highlights 
a frequency range that is shown in the inset, where a trajectory-based result is compared to subTHz measurements from [52].
Fig. 9. Far-infrared Titan’s emission spectra at low (13◦) and high (59◦) angles. Synthetic spectra simulated using the CH4–N2 CIA of Borysow and Tang [68] and the trajectory-based 
data of Finenko et al. [67] are shown as green and orange lines, respectively. The Cassini/CIRS measurements are represented by solid black circles. For clarity, the high-angle 
emission spectra is shifted by 0.5 erg s−1 cm−2 sr−1/cm−1.
and Tang’s CH4–N2 CIA data [68] resulted in poorer agreement with 
the CIRS measurements, which has led to proposals for introducing 
heuristic correction factors to improve modeling accuracy [99,101].

The opacities calculated by Borysow and Tang [68] are based 
on effective isotropic potentials combined with adjusted short-range 
induced dipoles, for which the intrinsic parameters were derived by 
fitting to experimental spectra. However, since the experimental data 
used by Borysow and Tang to develop their model are only available 
8 
down to 126K [102], it is not surprising that differences are observed 
between the semi-empirical data of Finenko et al. [67] and Borysow 
and Tang’s data [68] for temperatures in the 70–100K range, which is 
primarily targeted by the CIRS/Cassini measurements.

The trajectory-based results agree closely with the available ex-
perimental data [102–104], as illustrated in Fig.  10, which compares 
the theoretical data with measurements from Birnbaum et al. [103] 
and Johnson et al. [104] at two representative temperatures.
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Fig. 10. CH4–N2 collision-induced absorption spectra at 124K and 195K. Theoretical results from Finenko et al. [67] are represented with orange lines. Experimental measurements 
from Johnson et al. [104] and Birnbaum et al. [103] are denoted with empty and solid circles, respectively. The dashed line represents the fit to Johnson et al.’s data [104].
Recent measurements of CH4–N2 CIA reported by Johnson et al. [104] 
in the 30–400 cm−1 range at approximately 130K provide validation 
for Finenko et al.’s data [67]. The positions of primary and sec-
ondary absorption peaks in the measurements [104], which are 75 
and 206.5 cm−1, are in close agreement with those of Finenko et al.’s 
data [67], which are 80 and 206 cm−1. However, the data of Borysow 
and Tang [68] exhibit a secondary peak at 158 cm−1, which is notably 
different from the experimentally measured position.

2.9. CO2–CO2 (𝜈1∕2𝜈2) around 7.5 μm

The data for the CO2–CO2 collisional pair have been extended and 
updated substantially. In particular, the Fermi dyad region (1100–
1800 cm−1) has been updated with new data covering a large range 
across room temperature, which now span from 192 to 500K.

The first subset of Fermi dyad data covers the temperature range 
from 192 to 360K. These experimental data come from the work of 
Baranov et al. [42]. The original data reported in [42] have been recov-
ered recently, and these data expand both the temperature range and 
the number of temperatures for which binary absorption coefficients 
are listed with respect to the previous update [2].

The second subset of Fermi dyad data consists of the recent exper-
imental data reported by Terragni et al. [43]. In this work, a series 
of CO2 spectra were collected from 300 to 500K (25K steps) and a 
resolution of 0.5 cm−1. Measurements were performed by integrating 
a SPECAC environmental cell (3 cm path length) into a Bruker Inve-
nio R FTIR spectrometer. Details about the experimental apparatus, 
measurement procedure, and data analysis are reported in [43] with 
particular emphasis on the technical aspects implemented to avoid wa-
ter contamination. The Fermi dyad is a CO2–CO2 CIA band showing a 
characteristic true dimer absorption superimposed to a smooth feature 
resulting from free-free collisions and quasi-bound pairs [105]. Gas 
cells with long path lengths (tens of meters) are generally used for CIA 
measurements [45,46,105], while the environmental cell used in [43] 
is considerably shorter, requiring a much higher gas number density. 
Consequently, the true dimer absorption features are not resolved due 
to pressure broadening. To overcome this, spectra are fitted using the 
Fermi dyad band shape proposed by Tran et al. [45] in which true 
dimer features are included. This semi-empirical model is based on the 
Baranov et al. [42] dataset and is valid up to 500K. A selection of the 
new data for the Fermi dyad is reported in Fig.  11 (top left).

2.10. CO2–CO2 (𝜈2 + 𝜈3) around 3000 cm−1

Remaining on the CO2–CO2 collisional pair, the HITRAN CIA Main
folder has been enriched with new data in the region around 3000 cm−1. 
These data consist of binary absorption coefficients measured by Tran 
et al. [45] at three different temperatures (230, 260, and 295K), 
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extending the temperature range over which this CIA band is available 
in HITRAN (the previous version included only the measurements 
by Baranov [46] at 295K). In Tran et al. [45], CO2 spectra were 
collected with a resolution of 1 cm−1 using a single-pass cell of 215 cm. 
The binary absorption coefficients (expressed in cm5molecule−2) for 
the three aforementioned temperatures are shown in Fig.  11 (bottom 
left). The values reported by Tran et al. [45] are in good agreement 
with those of Baranov [46] at room temperature. The integrated band 
intensity at room temperature, measured by Tran et al. [45], over the 
range 2860 and 3175 cm−1, is (2.27 ± 0.12) × 10−4 cm−2 amagat−2. This 
value is consistent with both the values reported by Baranov [46], 
(2.39 ± 0.04) × 10−4 cm−2 amagat−2, and by Adiks [106], (2.5 ± 0.5) ×
10−4 cm−2 amagat−2, while considerably smaller than that reported by 
Thomas and Linevsky [107], (3.17 ± 0.10) × 10−4 cm−2 amagat−2. A 
detailed discussion of the temperature dependence of this CIA band is 
reported in [45].

2.11. CO2–CO2 3(𝜈1∕2𝜈2) around 4000 cm−1

Absorption of pure CO2 in the 4000–4500 cm−1 region were also 
recorded by Tran et al. [45] at 260K and 295K, for pressure up 
to 40 bar, using the same experimental apparatus described in Sec-
tion 2.10. Three CIA bands were observed at 4060, 4277, and
4380 cm−1, with the most intense band located at 4060 cm−1 (Fig. 
11, bottom right). For this band, the measured binary absorption 
coefficients yield band-integrated intensities of (4.10 ± 0.65) × 10−6

cm−2 amagat−2 at 295K and (5.03 ± 3.08) × 10−6 cm−2 amagat−2 at 
260K. The much larger uncertainty at 260K is due to the higher noise 
level of the spectra measured at this temperature. The measured band-
integrated intensities and band shapes are in good agreement with 
values previously reported [108]. Finally, note that due to the high 
pressures considered, the large spectral resolution, and the low signal-
to-noise ratios, no clear dimer signatures were observed for these CIA 
bands.

2.12. CO2–H2

The CO2–H2 CIA is a source of absorption that has been proposed 
as the potential greenhouse contribution responsible for the increase of 
the surface temperature of a CO2-dominated early Martian atmosphere 
above the melting point of water [15,16,18]. This could potentially 
explain the presence of aqueous mineralogical and geomorphological 
features visible today on the ancient terrains of Mars [109]. In this 
update, the binary coefficients in the Main folder correspond to the 
output of the semi-empirical model detailed in Appendix A of [38]. 
These calculations are based on the so-called isotropic approximation and 
provide the area-normalized spectral shape of the CIAs. This spectral 
shape are then multiplied by the integrated intensity calculated using 



J. Terragni et al. Journal of Quantitative Spectroscopy and Radiative Transfer 347 (2025) 109631 
Fig. 11. The different CO2–CO2 CIA bands available in the HITRAN database. Top left: Fermi dyad region including data from Baranov et al. [42] and Terragni et al. [43]. Top 
right: Fermi triad region including data from Baranov et al. [44]. Bottom left: region around 3000 cm−1 including data from Baranov [46] and Tran et al. [45]. Bottom right:
region around 4000 cm−1 including data from Tran et al. [45].
the formalism developed by Gruszka and Borysow [110] to fully ac-
count for the influence of the intermolecular potential anisotropy on 
the 0th order spectral moment of the band. A detailed discussion of 
the isotropic approximation for CO2–H2 CIA, including its limitations, is 
provided in [75] (see Sec. 3.1 therein). This model has the advantage of 
providing data over large ranges of wavenumber and temperature. Here 
data are given in the 0–1500 and 2500–6000 cm−1 spectral regions for 
temperatures from 100 to 600K. Three sets of experimental data have 
been used to test/validate this model at room temperature. The first one 
covers the 50–550 cm−1 interval and comes from spectra recorded for 
various CO2/H2 mixtures with the Bruker IFS 125HR Fourier transform 
spectrometer (FTS) of the AILES line at the SOLEIL synchrotron. The ex-
perimental setup and the spectra treatment are described in [111]. The 
measured CO2–H2 CIA is presented in [111], and updated in [38] with 
significantly lowered uncertainties thanks to a second measurement 
campaign where the stability of the helium-cooled detector temperature 
was improved. The second dataset covers the 3950–4350 cm−1 interval 
and was also obtained using the AILES line at the SOLEIL synchrotron. 
This different frequency range was enabled by the implementation of 
diamond windows in the experimental design [112]. The third dataset 
is derived from absorption spectra obtained with a cavity ring down 
spectrometer (CRDS) in Grenoble for four spectral intervals in the 
4255–4720 cm−1 CO2 transparency window which is within the (1-0) 
band of H2. Series of spectra were recorded for two CO2/H2 mixtures 
with different fractions of H2 (∼70% and ∼30%) at different pressures 
between 10 and 93 kPa [75].

Binary coefficients calculated at 300K are in reasonable agreement 
with the experimental data for the roto-translational band [38] and the 
central part of the region of the fundamental band of H2 [112], but 
some discrepancies remain (see Fig.  12) certainly due to the isotropic 
approximation for the interaction potential and to the fact that the short 
range components of the induced dipole are neglected.
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The binary coefficients calculated in [16] are provided in the Al-
ternate folder for the 0–2000 cm−1 spectral range and for temperatures 
between 200 and 350K. In this work, the CO2–H2 CIA is calculated 
from a linear combination of the known H2–H2 and CO2–CO2 CIAs with 
the spectrally integrated intensities of these new CIAs determined from
ab initio calculations of the 0th order spectral moment. Comparison 
of these calculated values to the experimental data and to the data 
provided in the main folder are plotted in Figs. 1 and 2 of [38] and 
shows a quite large overestimation of the absorption for the former 
dataset.

2.13. CO2–CH4

A large number of works have been dedicated to the CO2–CH4 colli-
sional pair in the last few years [38,39,111,113], all of them motivated 
by the fact that CH4 could have been an effective warming agent in 
the reducing atmosphere of early Mars [15,16,18]. The HITRAN CIA 
section has been updated with two new entries.

The first one regards the data reported in Fakhardji et al. [39] and 
has been made available in the Main folder. In [39] the far-infrared 
(roto-translational) CIA of CO2–CH4 mixtures was computed using 
classical molecular dynamics simulations. The rotational and transla-
tional dynamics of the molecules were computed using the CO2–CH4
intermolecular potential proposed by Hellmann et al. [114], along 
with the long-range development of the interaction-induced dipole 
provided by Li et al. [115] (see Eqs. (1)–(3) therein), fed by the 
numerical values provided in Table IV of the same work. This enables 
the prediction of the induced dipole autocorrelation function which, 
after introducing a desymmetrization factor and performing a Fourier 
transform, provides the absorption spectrum. The effect of different 
desymmetrization procedures (see Eqs. (6)–(9) in [39]) is presented 
in detail and compared with the isotropic approximation, showing 
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Fig. 12. CO2–H2 collision-induced absorption spectra at 300K (black), along with model predictions at 100 (blue) and 600K (red) [38,75]. Theoretical results from [38,75] are 
represented with black solid and dashed lines, respectively. Measurements from [38,75,112] are denoted by magenta, lime and cyan colors, respectively. Data based on theoretical 
calculations reported in [16] (the only CO2–H2 data available in the previous HITRAN CIA database [2]) are shown for comparison and represented by the gray line.
Fig. 13. CO2–CH4 collision-induced absorption spectra at 300K (black), along with model predictions at 100 (blue) and 600K (red) [38]. Theoretical results from [38,39] are 
represented with black solid and dashed lines, respectively. Experimental measurements from [38] are denoted by magenta color. Data based on theoretical calculations reported 
in [16] (the only CO2–CH4 data available in the previous HITRAN CIA database [2]) are shown for comparison and represented by the gray line.
how this latter procedure leads to CIA underestimation. Calculations 
using different desymmetrizations are compared with measurements (at 
room temperature) reported in [38]. Due to the satisfactory agreement 
between predictions obtained by using the ‘‘P2’’ desymmetrization and 
experimental data (see Fig.  13), P2-based results have been included in 
this HITRAN CIA update for temperatures of 100, 200, 300, 400, 500 
and 600K.

The second set of data can be found in the Alternate folder and refers 
to the semi-empirical calculations reported in Turbet et al. [38] which 
provide CIA binary absorption coefficients across a broad spectral do-
main (0–1500 cm−1) and for a wide range of temperatures (100–600K). 
This model is grounded on experimental measurements recorded at 
the AILES line at the SOLEIL synchrotron facility [38,111], using a 
Bruker IFS 125HR Fourier transform spectrometer (FTS) and a 2.5m
long multi-pass cell (see Section 2.1 of [111] for additional details on 
the experimental apparatus). The model is based on the ‘‘effective’’ 
isotropic potential proposed by Bastien et al. [116] and the empirical 
short-range components of the induced dipole are included following 
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the approach of Borysow & Tang [68]. Additional details about this 
model can be found in the supplementary material of [38].

2.14. CO2–H2O

The continuum in H2O–CO2 mixtures is important for the Venusian 
atmosphere [19,117] and potentially for the atmospheres of Early 
Mars [118], early Earth, and exoplanets [119]. In addition to the far 
wings of the CO2 and H2O resonance lines broadened by collisions with 
H2O [66,120–122] and with CO2 [120,122,123], respectively, a CIA 
band has been measured near 6000 cm−1 and its binary absorption coef-
ficients are available in the Main folder. This band has been observed in 
spectra of humidified CO2 recorded by cavity ring down spectroscopy 
(CRDS) at pressures below atmosphere [40]. It corresponds to the 
simultaneous excitation of 12CO2 and H2O colliding molecules in the 
𝜈3 antisymmetric and 𝜈1 symmetric stretching modes, respectively. This 
attribution is validated by (i) the good agreement with classical molec-
ular dynamics simulations (CMDS) of the considered CIA based on the 
dominant dipole induction mechanism associated with the vibrational 
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matrix elements of the dipole of CO2 (𝜈3) and isotropic polarizability 
of H2O (𝜈1) and (ii) the CRDS spectra recorded near 5940 cm−1 with a 
highly enriched 13CO2 sample since the measured CIA isotopic spectral 
shift (∼−68 cm−1) coincides with the one between the 𝜈3 bands of 12CO2
and 13CO2. The binary coefficients (in cm−1 amagat−2) are provided 
here between 5700 and 6300 cm−1 from a Lorentzian function with the 
experimental parameters reported in Table 1 of [40] for the 𝜈3(12CO2)+
𝜈1(H2O) CIA band.

2.15. O2–O2, O2–N2 and O2– Air 1𝛥 band

The weak 1𝛥 band near 1.27 μm is increasingly called upon for air-
mass determination from ground-based and space-borne atmospheric 
spectra because of its spectral proximity to CO2 and CH4 bands at 
1.6 μm, in contrast to the more distant A-band at 0.76 μm. For this 
purpose, it is important to well characterize not only the narrow 
absorption lines but also the strong underlying broad CIA structure 
and its temperature dependence. The latter has been experimentally 
characterized in [55,124] at 296K and in [56] at 271K and 332K. 
This lead to the measurement of the 𝐵O2−O2

, 𝐵O2−N2
 and 𝐵O2−Air binary 

coefficients for the O2–O2, O2–N2 and O2–Air systems, respectively. 
Compared to the first update of 2019 [2], the data of Maté et al. [125] 
are replaced in the Main folder by the ones derived from [55,56]. More 
precisely, data provided here correspond to the binary coefficients of 
the CIA, and their uncertainties, for the 𝐵O2−O2

, 𝐵O2−N2
 and 𝐵O2−Air

binary coefficients from 246 to 346K with a temperature step of 10K
in the 7545–8355 cm−1 range. The adopted spectral step is 1 cm−1. 
These coefficients (Fig.  14) are derived from the measurements done 
at 271, 297, and 332K by CRDS and described in [55,56]. The binary 
coefficients at the temperature 𝑇  for a given system O2-𝑋 are derived 
using Eq. (3) and the 𝐵O2−𝑋 (297K) and d𝐵O2−𝑋

d𝑇  values of [56]. 

𝐵O2−𝑋 (𝑇 ) = 𝐵O2−𝑋 (297K) +
d𝐵O2−𝑋

d𝑇
(𝑇 − 297K) (3)

The uncertainties of the binary coefficients are calculated from the 
estimated uncertainties on the binary coefficient at 297K,
𝛥𝐵O2−𝑋 (297K), and on the temperature dependence coefficient,
𝛥
d𝐵O2−𝑋

d𝑇  [56] with: 

𝛥𝐵O2−𝑋 (𝑇 ) = 𝛥𝐵O2−𝑋 (297K) + 𝛥
d𝐵O2−𝑋

d𝑇
|(𝑇 − 297K)|. (4)

To extrapolate the temperature range of the binary coefficients 
down to 206K, the parameterized model of recent quantum calculations 
for CIA [11], which is detailed in [54], is applied between 206 and 

Fig. 14. Overview of the new binary coefficients available in the HITRAN CIA section 
for the singlet delta band between 206 and 346K.
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236K. In this parameterized model, 𝐵O2−O2
 and 𝐵O2−N2

 are given 
by the superposition of the spin–orbit and exchange mechanism line 
shapes reported by Karman et al. [11] scaled by temperature-dependent 
mechanism intensities, which were adjusted to simultaneously model 
the previously described CRDS measurements of 𝐵O2−O2

, 𝐵O2−N2
 and 

𝐵O2−Air at various temperatures [55,56,124]. Systematic differences 
between the parameterized CIA model and measurements result in 
integrated binary absorption coefficients that differ by less than 2.7% 
over the measured temperature range [54]. While this shows good 
agreement between measurements and theory, recent measurements re-
port O2–Air integrated binary absorption coefficient differences of only 
0.11% [124]. The difference between the parameterized model and 
measurements justifies the CRDS measurements described above being 
used in the HITRAN CIA latest update in the temperature ranges where 
they can be extrapolated with confidence (246–346K) [55,56] and 
using the parameterized model beyond that region (206–236K) [54]. 
The uncertainties of the binary coefficients given by the parameterized 
model are defined as the mean of the maximum magnitude differences 
between the parameterized model and the binary coefficients given by 
Eq. (3) over the temperature range where the parameterized model was 
optimized.

2.16. O2–O2 Double transitions

The double transitions in the UV–VIS spectral range are important 
for the detection of several gases that have overlapping absorption 
features in this wavelength range, e.g., BrO, HCHO, NO2, CHOCHO.

The data for the double transitions in the range 20 000−29 800 cm−1

have been updated (see Fig.  15), and the data in the range 29 800−
33 670 cm−1 have been added (Main folder). The source study, using a 
cavity enhanced absorption spectrometer similar to the study underly-
ing the previous data [60], but employing an optimized data acquisition 
and analysis approach, accomplished to spectrally resolve the relatively 
weak transitions at 315, 328, 428, and 495 nm. The absorption at 495 nm
corresponds to the transition 𝑎1𝛥𝑔 + 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 + 𝑋3𝛴−
𝑔 , 𝛥𝜈tot = 3. 

The absorption at 340 nm is determined with a higher signal to noise 
ratio, resulting in different shape and intensity. The accounting for the 
instrument baseline does not rely on the assumption of zero absorption 
between bands [60,126], but uses exponentially decreasing absorption 
in the wings of the transitions. The trend within the systems was used 
to extrapolate the even weaker transitions at 303 nm and 397 nm [128]. 
As a result of the baseline correction and extrapolation of transitions, 
the continuum CIA in the range of 20 000−33 670 cm−1 is estimated. The 
integral cross section (of the transitions with sufficient SNR) is found 
to increase slightly with temperature (223, 263, and 293K) [61].

The updated cross section has been found to significantly improve 
the fit quality and reduce the uncertainties for retrievals in the UV 
spectral range [129], and the previously observed but not quantified 
absorptions at 328 nm and 428 nm are now resolved [130]. Regarding 
their temperature dependence, the accuracy of the cross sections was 
demonstrated in an atmospheric field study [10]. Since its publication 
in 2022, the new data have been used in the retrieval of various 
molecules: BrO [131], IO [132], HCHO [133,134], CHOCHO [135], 
NO2 [129], H2O [136]. Moreover, an increasing number of studies 
confirm that the cross section is quantitatively accurate for remote 
sensing purposes [10,129]. It is also worth noticing that the weakest 
transitions in the UV–VIS spectral range at 397 nm and 415 nm remain 
to be measured directly, but are currently of little relevance to remote 
sensing. Interestingly, the origin of trends and outliers regarding the 
symmetry and intensity of transitions remains unclear. For example, 
the transition at 380 nm is symmetric and weaker than the 𝛥𝜈tot = 1
transition. The larger set of transitions at improved SNR available now 
provide an opportunity to develop theory.
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Fig. 15. Update to the O2–O2 double transition cross section in the 20 000−29 800 cm−1 range (293K) and comparison to previous data [60,61,126,127]. The weak transitions 
labeled with an asterisk (303 nm and 397 nm) are not measured but extrapolated from the trend in each system. Note the non-zero absorption for the entire spectral range, resulting 
from the instrument baseline correction assuming exponentially decreasing absorption in the wings of transitions.
2.17. O2–CO2

The collection of works dedicated to the collisional effects between 
O2 and CO2 is not very extensive with regard to O2 transitions [70,
137]. These studies mostly focus on the 𝑎1𝛥𝑔 ← 𝑋3𝛴−

𝑔 (0, 0) band of 
oxygen, which is already included in the HITRAN database using the 
binary absorption coefficients measured by Vangvichith et al. [70].

The limited availability of data concerning the 𝑎1𝛥𝑔 ← 𝑋3𝛴−
𝑔 (1, 0)

band of oxygen around 1060 nm motivated the work of Banerjee et al.
[69], in which the binary absorption coefficients were measured using 
cavity ring-down spectroscopy. Their data have been used to update 
the HITRAN CIA section (Main folder) for the O2–CO2 collisional pair.

The integrated binary absorption coefficient reported by Banerjee 
et al. ((6.37 ± 1.09) × 10−5 cm−2 amagat−2 [69]) is smaller than the 
only previous report ((1.85 ± 0.09) × 10−4 cm−2 amagat−2 [70]). In 
contrast, their O2–O2 CIA integrated measurement ((2.10 ± 0.31) ×
10−4 cm−2 amagat−2) for the same band is in good agreement with 
previously reported values [138,139].

It is important to note that, since the original data reported by 
Banerjee et al. [69] have been declared lost by the authors, the data 
available in the HITRAN CIA database have been digitally extracted 
from Figure 5 of [69].

3. Wish list

Similarly to the first HITRAN CIA update [2], inputs from the 
planetary science and astrophysics communities have been collected 
and a list of much needed CIA data is presented here. Before discussing 
in detail the data still missing as requested by the scientific community, 
it is worth recalling what new data have been produced over the past 
five years to address the gaps listed in the wish list of the previous 
update. In that work, CO2–CO2, CO2–H2O, and CO2–CH4 were listed 
as collision pairs that deserved more detailed studies, especially in 
the 0–1000 cm−1 range. These pairs have been investigated in recent 
studies [38,39,75,111], and, thanks to them, more accurate data are 
part of the CIA database with this second update. Moreover, the wish 
list of the update suggested how the interaction of H2O with other 
species deserved further study, especially for early Earth and exoplanet 
applications: the work of Fleurbaey et al. [40] is a great first step in 
that direction.

Between the 2019 update and the current release of the HITRAN 
CIA section, a pivotal advancement has reshaped scientific perspec-
tives in astrophysics and planetary science: the successful launch of 
JWST, which has enabled observations of astrophysical phenomena 
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and celestial bodies with unprecedented precision. Among other ac-
complishments, JWST has granted an unprecedented and fast-paced 
series of discoveries in the field of exoplanets. In particular, with 
JWST now being the primary instrument for studying exoplanet atmo-
spheres, the new CIA data that would be most valuable to the scientific 
community are strongly connected to the spectral coverage of JWST. 
When these atmospheres are studied in Transmission Spectroscopy with 
NIRISS/NIRSpec, the typical observational range extends from 0.6 to 
5.3 μm, with the possibility of extending this range to approximately 
10–12 μm for planets that are observed with high signal-to-noise (S/N) 
ratio, such as Hot Jupiters [140,141]. In this wavelength range, new 
CIA binary absorption coefficients should be measured/calculated at 
different temperatures to match the temperatures of the large variety 
of atmospheres that can be found outside our Solar System. Regarding 
hot atmospheres, our knowledge of magma oceans would benefit from 
CIA data at high temperatures of collisional pairs that can be found 
in reducing atmospheres (e.g., X–H2) [142], while our modeling of 
Venus and Early Earth’s atmosphere would benefit from CO2–X CIA 
data above 350K [143], both in the far- and in the mid-infrared. In 
particular, CO2–O2 CIA data up to 700K could be useful to study 
planetary atmospheres around M dwarf stars with extended pre-main 
sequence phase [23].

As already pointed out in the previous wish list, new CIA data 
for N2–X (with X = H2, He, Ne) collisional pairs at even higher 
temperatures (up to 3000K) would improve M and brown dwarf stars 
characterization [144,145]. In addition, to better characterize these 
stars, new CIA data at stellar temperatures would help in turn the 
characterization of exoplanet atmospheres (Know Thy Star, Know Thy 
Planet is the mantra of the exoplanet detection and characterization 
communities [146]). In fact, stellar contamination has long been rec-
ognized as a major bottleneck in transmission spectroscopy, because it 
could lead to the wrong interpretation of key atmospheric molecular 
features [147].

4. Conclusions

From Solar System planetary bodies and exoplanets to white and 
brown dwarfs, collision-induced absorption plays a crucial role in the 
atmospheric thermal balance of these celestial bodies. To provide a re-
liable and up-to-date compilation of all the available CIA data reported 
in literature, the HITRAN CIA section was established in 2012 [1], 
updated in 2019 [2], and is now undergoing its second update. In 
this update, new data published over the past five years –including 
both laboratory measurements and theoretical calculations– have been 
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reviewed, compared, and either incorporated or not into the HITRAN 
CIA section. This second update became necessary due to the consistent 
amount of recently published data, most of which published as a 
response to the data deficiencies highlighted in two previous works. 
In particular, two collisional pairs, N2–Ar [52] and CO2–H2O [40], 
have been included in the database for the first time. New data re-
garding other collisional pairs already present in the database, includ-
ing N2–H2 [24], CO2–CO2 [43,45], CO2–H2 [38], CO2–CH4 [38,39], 
O2–O2 [61], and O2–CO2 [69], have been included either because of 
their improved accuracy or because of their extended frequency or tem-
perature range. Each new database entry is highlighted in Table  1 and is 
accompanied by a dedicated subsection that discusses the experimental 
procedure and/or the theoretical framework used to produce the data. 
It was not always trivial to track down the actual data in the published 
articles, but we note that the situation has become better than it was in 
the previous updates. We strongly encourage scientists to report their 
data in the supplementary materials or long-term repositories before 
it is permanently lost. We have previously outlined best practices for 
disseminating the data [148].

Despite the remarkable bulk of new experimental and theoretical 
data, the CIA section is still far from being complete: more measure-
ments and calculations are needed, especially at different temperatures. 
They will be extremely relevant for better interpretation of current and 
future observations of exoplanetary atmospheres, which are extremely 
diverse in terms of constituents and temperature distribution. The new 
data included in the second update will be made available at www.
hitran.org/cia. The new version of the HITRAN Application Program-
ming Interface (HAPI [149]) HAPI2.0 has functionality to access the 
collision induced data through the API as well, although 2.0 version 
has not been officially released yet.
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