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 A B S T R A C T

16O12C17O is the fourth most abundant isotopologue of carbon dioxide. As part of this study, a total of 
16223 rovibrational transitions, 9822 unique ones, measured for the ground electronic state of CO2, were 
collected from 31 articles, corresponding to the limited wavenumber range of 634–12727 cm−1. The measured 
transitions span the polyads 𝑃 = 0−17, where 𝑃 = 2𝑣1+𝑣2+3𝑣3, and 𝑣1, 𝑣2, and 𝑣3 are the normal-mode quantum 
numbers corresponding to the symmetric stretch, linear bend, and antisymmetric stretch motions. Following a 
careful validation of the compiled rovibrational transitions data, a set of 5036 empirical rovibrational energy 
levels has been determined. Comparison of the empirical energy-level data of this study with those in the 
CDSD-296 and NASA Ames-2021 line lists shows good general agreement.
1. Introduction

Despite being a symmetric linear molecule, carbon dioxide, CO2, is 
one of the most important trace gases in the atmosphere of the Earth; 
indeed, it is second only to water in the HITRAN list [1] of molecules 
of atmospheric interest. The parent isotopologue, 16C12O2, is one of 
the most important anthropogenic climate-forcing agents; as such, it 
has particular relevance for the Earth’s radiation budget. Thus, there 
have been several national and international missions [2–6] with the 
aim to quantify the amount and attribute the sources (e.g., the oil and 
gas, waste, and energy sectors) of atmospheric CO2.

The recent increase in the amount of CO2 in the Earth’s atmosphere, 
due mostly to the combustion of fossil fuels, impacts a number of 
natural systems and all living organisms in our ecosystem [7]. High-
resolution rovibrational spectroscopy of isotopologues of carbon diox-
ide (e.g., Refs. [1,8–18]) has also contributed to a better understanding 
of the nature of the atmospheres [19] of planets containing a significant 
amount of carbon dioxide, such as Venus [20] and Mars [21]. CO2 has 
also been detected in exoplanet atmospheres [22].

There are multiple isotopic variants of CO2, arising from the differ-
ent combinations of the isotopes of the carbon and oxygen atoms:12C, 
13C, 16O, 17O, and 18O are the naturally occurring nuclides, though 
even 14C16O2 has been observed spectroscopically [9]. HITRAN lists 12 
CO2 isotopologues, it does not include radiocarbon 14C16O2. Isotopic 
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abundances vary around the universe; thus, it is important to study the 
spectroscopy of all carbon dioxide isotopologues, not only the parent 
one, 12C16O2 (denoted 626 in HITRAN parlance, which we adopt here).

This paper focuses on rovibrational spectra measured, under various 
conditions by a number of different techniques, for the fourth most 
abundant carbon dioxide isotope, 16O12C17O (HITRAN code 627). For 
627 a significant number of high-resolution spectroscopic studies are 
available [8,23–52].

The parent 626 isotopologue forms 98.42% of naturally occurring 
carbon dioxide in the Earth’s atmosphere. It is important to empha-
size that the rovibrational bands of 626 are saturated in the Earth’s 
atmosphere, meaning that increasing its concentration results in a loga-
rithmic increase in absorption rather than the expected linear one [53]. 
Isotopic substitution within carbon dioxide can result in absorptions 
shifted into windows where the absorption is indeed linearly related 
to concentration; this is particularly true for the much less abundant 
asymmetrically substituted CO2 isotopologues, such as 627 (with a 
natural abundance of 0.07%). One of the effects of symmetry breaking 
is that all rotational states are allowed for 627, in contrast to 626, 
for which half of the states are forbidden by the Pauli principle, 
leading to a roughly fourfold increase in the number of transitions. 
The (ro)vibrational selection rules also change with all vibrational 
(and even pure rotational) transitions now formally allowed, although 
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transitions forbidden in 626 generally remain weak in 627. In summary, 
asymmetric isotopologues of CO2 have significantly more spectral lines 
than 626 and, importantly, lines in regions where 626 absorption is not 
dominant.

The main goal of this study is to provide two expansive spec-
troscopic datasets for the carbon dioxide isotope 627. The first one 
includes accurately measured, validated line positions with unique 
lower- and upper-state labels, while the second contains empirical 
rovibrational energies with experiment-based uncertainties. Determi-
nation of the energy levels from the measured transitions is accom-
plished through the use of the MARVEL (Measured Active Rotational–
Vibrational Energy Levels) procedure [54–58], which is based on the 
theory of spectroscopic networks [59,60]. The resulting datasets can 
be used to improve line lists such as those provided by HITRAN [61], 
NASA Ames [13,62] and ExoMol [63], and can support the refinement 
of the potential energy surfaces used in variational nuclear motion 
calculations. This work is part of our investigation of the spectroscopy 
of carbon dioxide isotopologues, with results published for 626 [18], 
636 [14], 628 [15], 638 [17], and 838, 728, and 828 [16].

2. Theoretical background

2.1. MARVEL

MARVEL [54–58,64] is a tool which can be used to efficiently 
analyze measured high-resolution spectroscopic transitions and use the 
validated ones to determine empirical energy levels. It works through 
the construction of a ‘‘spectroscopic network’’ (SN) [59,60], where the 
energy levels are the vertices and the transitions between them are the 
edges. When input transitions are collected for a MARVEL analysis, 
one must ensure that each line has an accurate center position with 
an associated (extended) uncertainty, and that the upper and lower 
energy levels involved in the transition are labeled uniquely. Based on 
the spectroscopic network created, MARVEL can identify most of the 
inconsistencies in the input data set and, based on the validated transi-
tions, it yields empirical energy levels through an inversion protocol. In 
cases where the experimental data are highly incomplete, the network 
may become fragmented, leaving some energy levels isolated from the 
component containing the root (the lowest-energy quantum state of 
the molecule) of the SN. These so-called ‘‘floating components’’ can be 
connected to the root and the measured transitions using sufficiently 
accurate empirical data (coming from perhaps effective Hamiltonian 
fits) or, for some molecules, by using the known quasi-degeneracy of 
certain energy levels [65].

Unlike quantum-chemical models based on the nuclear Hamilto-
nian, culminating in the solution of the corresponding nuclear
Schrödinger equation, the accuracy of the empirical (MARVEL) energy 
levels is not restricted by assumptions other than the validity of the 
Ritz principle [66] and, of course, the accuracy of the measurements. 
This allows maintaining experimental accuracy during a MARVEL 
determination of energy levels. The only significant caveat about not 
knowing details of quantum mechanics is that it also allows MARVEL 
to accept transitions that might break standard selection rules or are 
incorrect otherwise, as long as the transition is not in conflict with the 
other entries of the dataset.

In this study, we used the latest version of the MARVEL code, 
MARVEL4 [64]. MARVEL4 has an option to use an adaptation of the 
bootstrap method to give final uncertainties for the energy levels; our 
final energy levels are given with uncertainties obtained using this 
procedure.

2.2. Rovibrational quantum numbers

To ensure that the validation of the measured transitions offered 
by MARVEL is correct, it is crucial that the labeling of the energy 
2 
Fig. 1. Distribution of the Fermi ranking index, 𝑟, of the empirical energy levels of 
16O12C17O across the experimental wavenumber range covered in this study.

levels is consistent throughout the dataset. In this study, as in our 
previous investigations of the isotopologues 636 [14], 628 [15], (828, 
728, 838) [16], (638) [17], and (626) [18], we employ the AFGL 
(Air Force Geophysics Laboratory) notation [67–69] to describe the 
vibrational quantum states of CO2. This notation utilizes a number 
of descriptors and avoids the use of super- and subscripts, making it 
ideal for electronic databases. The vibrational states are represented 
by four quantum numbers: 𝑣1 and 𝑣3 correspond to the symmetric and 
antisymmetric stretches, 𝑣2 denotes the (doubly degenerate) bending 
mode, and 𝑙2 represents the angular momentum linked to the bending 
mode. Additionally, the ranking index 𝑟 refers to the Fermi resonances 
complicating the spectra of carbon dioxide [67] (𝑟 ranges from 1 to 𝑣1+
1 [69–71]). See Fig.  1 for the distribution of 𝑟 across the experimental 
wavenumber range covered in this study (corresponding to the range 
covered by experiments; there is a single source, 13PaLiLuLi [52], with 
transitions measured above 8300 cm−1).

Unlike for most molecules, for CO2 several polyad numbers (defined 
as a simple sum of normal-mode quantum numbers multiplied by 
positive weights) have been proposed [72–75] to help interpret the 
vibrational energy-level structure of this molecule. The choice made 
here is 𝑃 = 2𝑣1 + 𝑣2 + 3𝑣3, following again the AFGL notation.

In addition to the five vibrational descriptors, two further descrip-
tors are used to characterize the rovibrational quantum states of CO2: 
the rotational quantum number 𝐽 and the rotationless parity 𝑝, labeled 
either ‘e’ or ‘f ’ [76]. Thus, the complete label for a rovibrational quan-
tum state of 627, similar to all the other carbon dioxide isotopologues, 
is (𝐽 𝑣1 𝑣2 𝑙2 𝑣3 𝑟 𝑝).

It is important to note that in the AFGL notation the quantum 
numbers 𝑣2 and 𝑙2 are always identical [77]. The advantage of the 
AFGL system, as first demonstrated by Amat and Pimbert [67], is that 
unlike the standard notation, where the order of rovibrational energy 
levels may shift between isotopologues, this does not occur in the AFGL 
system; the price to pay is the introduction of a redundant descriptor.

Non-degenerate vibrational states with 𝑣2 = 𝑙2 = 0 always have 
parity 𝑒; therefore, in some literature sources, the parity information 
is not explicitly stated. Vibrational states with 𝑙2 > 0 support both 𝑒- 
and 𝑓 -parity states for each 𝐽 . Finally, we note that 𝐽 ≥ 𝑙2, meaning, 
for example, that there is no 𝐽 = 0 level for vibrational states with 
𝑙2 > 0.

2.3. Selection rules

For all asymmetric CO2 isotopologues, the equilibrium geometry 
belongs to the 𝐶∞𝑣 point group, which means that there are no for-
mal selection rules on the vibrational transitions. The selection rules 
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Fig. 2. Comparison of the data provided by HITRAN [61] with our collected exper-
imental transitions. The upper plot shows the distribution of HITRAN transitions and 
their intensities; intensities are scaled by the natural abundance of 16O12C17O as this is 
the HITRAN convention. The lower plot shows a bar comparison between the number of 
transitions available in HITRAN (left-hand scale) with the smaller number of transitions 
available in our MARVEL dataset (right-hand scale); each bar gives the number of 
transitions in a bin of 50 cm−1.

for one-photon, dipole-allowed rovibrational transitions among the 
rovibrational quantum states of 627 are summarized in what follows.

For rotational transitions, the usual dipole selection rule is 𝛥𝐽 =
0,±1, and when 
𝛥𝐽 = 0; 𝑒 ↔ 𝑓, (1)

meaning that the rotationless parity changes between the initial and 
the final states in the Q branch, whereas when 
𝛥𝐽 = ±1; 𝑒 ↔ 𝑒, 𝑓 ↔ 𝑓, (2)

indicating no parity change in the P and R branches.

3. Experimental studies of16O12C17O line positions

3.1. Literature sources utilized

The input file ‘‘transitions_627.txt’’ used during the MARVEL analy-
sis is part of the Supplementary Material, and it contains 16223 input 
transitions, collected from 31 sources. In this file, each transition is 
characterized by (a) a line position (in units that are indicated in the 
segment file), (b) an initial and an adjusted, expanded (two-sigma) 
uncertainty for the line position (the adjusted uncertainty is the one 
which ensures that the present set of input transitions is self-consistent), 
(c) the rovibrational assignments of the upper and lower states (see 
Section 2.2 for a description of the labels of the quantum states and 
Section 2.3 for the selection rules), and (d) a line tag, a metadata string 
providing a unique identifier (for multi-author publications, each tag 
3 
Fig. 3. Expanded (two-sigma) uncertainties of the experimental rovibrational line-
center positions collected, as a function of the transition wavenumber (note the 
logarithmic scale of the vertical axis). If multiple measurements are available for the 
same line, the most accurate one is shown.

contains the last two digits of the year of the publication and the first 
two characters of the last names of the authors, up to the first four 
authors) plus a sequence number for each line.

Characteristics of the 31 literature sources containing the transitions 
collected are summarized in Table  1. The wavenumber range covered 
by these measurements is limited to 634 – 12727 cm−1 (see Fig.  2). Of 
all the experimentally measured transitions, only about half of them, 
9822, are unique, which means that on average each transition has 
been measured twice. Fig.  2 shows that the number of transitions 
considered important enough to include in HITRAN is considerably 
greater than the number actually measured in the laboratory and used 
in our MARVEL study; in practice, the HITRAN transition wavenumbers 
for 627 are cited as coming from theoretical sources [78–80]. Fig.  2 
also shows areas where it should be possible to observe further spectra, 
while highlighting that most of the gaps in our transitions are due to 
transparency windows. Specifically, the range below 2000 cm−1 and 
above 9000 cm−1 could benefit from experimental studies.

Fig.  3 shows the final, adjusted, expanded (two-sigma) experimental 
uncertainties of the validated rovibrational transition measurements 
of 16O12C17O as a function of the transition wavenumber (to make 
the spectroscopic network of 16O12C17O self-consistent, some of the 
reported uncertainties had to be slightly adjusted). This figure conveys 
the following information: (a) the experimental uncertainties cover 
almost three orders of magnitude, from 10−5 to 10−2 cm−1, (b) the 
wavenumber range covered by the experiments is rather limited, only 
going up to 13000 cm−1, and (c) there are no measurements between 
about 9000–12000 cm−1.

3.2. Specific comments on entries of Table  1

It is a tribute to the careful experimental investigations of the high-
resolution spectra of the 627 isotopologue of carbon dioxide that during 
the MARVEL analysis only 103 transitions had to be removed from 
the spectroscopic network assembled. These suspicious transitions are 
indicated with a negative sign in front of the transition wavenumber 
entry in the file ‘‘transitions_627.txt’’.

The source 16BeDeSuBr [39] provides the majority of the prob-
lematic transitions with 75 transitions incompatible with the rest of 
the data. Most of the rejected transitions of this source have large 
uncertainties, 0.01–0.02 cm−1. We note that a significant number of 
transitions from this source also had to be deleted during the investiga-
tion of the 636 [14] and 628 [15] isotopologues. There are three further 
sources with a significant number of deleted transitions: 13, 7, and 
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Table 1
16O12C17O data sources used in this work and their characteristics, including the number of measured (𝐴), floating (𝐹 ), 
validated (𝑉 ), and deleted (𝐷) transitions. 𝑈CSU is the average expanded ‘claimed source uncertainty’, and 𝑈MSU is the 
average expanded ‘MARVEL-suggested source uncertainty’.
 Source Range/cm−1 𝐴∕𝐹∕𝑉 ∕𝐷 𝑈CSU 𝑈MSU  
 80PaKaAn [25] 634.40–696.46 63/0/63/0 1.0 × 10−4 1.6 × 10−3 
 99ClTeHuVa [28] 919.41–1098.73 122/0/122/0 5.0 × 10−5 7.4 × 10−5 
 12LyKaJaLu [29] 1872.69–8269.65 5675/51/5617/7 1.0 × 10−3 1.2 × 10−3 
 84RiBeDeFe [30] 1885.61–2674.83 269/0/269/0 1.0 × 10−3 1.5 × 10−3 
 12JaGuLyKa [31] 1887.06–5107.12 500/0/500/0 1.0 × 10−4 1.1 × 10−4 
 85RiBeDe [32] 1887.06–1917.46 17/0/17/0 5.0 × 10−2 5.0 × 10−2 
 84RiBe [26] 2024.43–2073.53 29/0/29/0 1.0 × 10−3 1.1 × 10−3 
 86RiBeDe [27] 2086.89–2089.85 3/0/3/0 1.0 × 10−3 1.5 × 10−3 
 14ElSuMi [33] 2280.79–2377.01 83/0/82/1 5.0 × 10−5 5.5 × 10−5 
 78BaDeChRa [23] 2283.03–2372.81 121/0/121/0 3.0 × 10−3 4.0 × 10−3 
 80Guelachv [24] 2305.10–2365.89 81/0/81/0 1.2 × 10−4 3.9 × 10−4 
 84DeRiBe [34] 2494.81–2674.12 127/0/127/0 2.0 × 10−3 2.1 × 10−3 
 08ViMuNoHe [35] 2753.48–2787.89 43/0/30/13 5.0 × 10−4 4.1 × 10−3 
 14BoJaLyTa [36] 3260.70–4678.67 2612/96/2516/0 1.6 × 10−4 2.7 × 10−4 
 16VaKoMoKa [37] 4248.20–4378.20 71/1/70/0 2.0 × 10−3 3.3 × 10−3 
 15BoJaLyTa [38] 4715.45–5318.23 1640/0/1635/5 2.1 × 10−4 4.0 × 10−4 
 16BeDeSuBr [39] 4775.00–4933.10 230/0/155/75 3.0 × 10−4 2.1 × 10−3 
 19MoKaPeTa [40] 5732.83–5850.04 265/0/265/0 1.0 × 10−3 1.0 × 10−3 
 18KaCeMoKa [41] 5787.23–5908.92 165/0/165/0 1.0 × 10−3 1.1 × 10−3 
 18CeKaMoKa [42] 5801.61–5878.10 87/0/87/0 1.0 × 10−3 1.2 × 10−3 
 15JaBoLyTa [43] 5841.21–6493.30 658/0/658/0 3.0 × 10−4 4.8 × 10−4 
 14KaCaMoKa [44] 5857.65–6961.20 1000/0/999/1 1.0 × 10−3 1.1 × 10−3 
 08PeKaPeTa [8] 5859.82–6961.21 264/0/264/0 1.0 × 10−3 1.6 × 10−3 
 06PeKaRoPe [45] 5957.20–6171.11 135/0/135/0 1.1 × 10−3 1.7 × 10−3 
 05MaMaRoPe [46] 6206.10–6494.52 254/0/254/0 3.0 × 10−3 3.3 × 10−3 
 17KaKaTaPe [47] 7056.76–7896.71 811/0/811/0 1.0 × 10−3 1.1 × 10−3 
 09KaSoCa [48] 7371.28–7549.96 96/0/95/1 8.0 × 10−4 9.6 × 10−4 
 10SoKaTaPe [49] 7371.28–7550.36 96/0/96/0 1.0 × 10−3 1.0 × 10−3 
 14KaKaTaPe [50] 8058.36–8269.86 303/0/303/0 1.0 × 10−3 1.1 × 10−3 
 13GoHeLy [51] 8079.19–8270.08 264/0/264/0 5.0 × 10−3 5.3 × 10−3 
 13PaLiLuLi [52] 12 572.86–12726.69 140/0/140/0 3.0 × 10−3 3.0 × 10−3 
5 transitions were deleted from 08ViMuNoHe [35], 12LyKaJaLu [29], 
and 15BoJaLyTa [38], respectively. These lines show a discrepancy of 
more than 0.02 cm−1 when compared to CDSD-296 [10] and NASA 
Ames-2021 [13]; as a result, they were excluded from further analysis.

4. Results and discussion

4.1. Energy levels

The empirical energy values, obtained in this study for 5036 rovi-
brational states in the 0 – 13469 ℎ𝑐 cm−1 range, are available in 
the file ‘‘Energylevels_627.txt’’. Each energy level of this data file is 
characterized by (a) a rovibrational label, (b) an empirical (MARVEL) 
energy (in ℎ𝑐 cm−1), (c) an expanded (two-sigma) energy uncertainty 
(in ℎ𝑐 cm−1), and (d) the number of transitions incident to this state.

The energy-level coverage of the dataset obtained during this study 
against that of NASA Ames-2021 [13] can be ascertained from Fig.  4. 
The analysis again reveals a significant lack of experimental data above 
10000 cm−1, particularly at high 𝐽 values (𝐽 beyond about 80), with a 
notable gap above about 8000 cm−1. These observations highlight the 
need for laboratory measurements conducted at elevated temperatures.

The distribution of the number of transitions linking to each energy 
level is shown, as a function of the empirical rovibrational energy, 
in Fig.  5. Fig.  5 reflects the fact that in experimental spectroscopic 
networks the degrees of the quantum states display an inverse-power-
law-like (i.e., heavy-tailed or near scale-free [81]) distribution [57,82]. 
This distribution implies the presence of a small number of high-degree, 
quantum states, called hubs. The highest-degree hubs of 627, which 
have more than 175 incident transitions, are all in the vibrational 
ground state, with 𝐽 = 8–15 and 17–24, where it is interesting to 
see that 𝐽 = 16 is not in the list. As illustrated in Fig.  5, 1178 
out of the 5036 levels determined in this study are determined by a 
single transition. Empirical energy levels derived from (or connected 
by) a single transition are considered to be inherently less reliable than 
4 
Fig. 4. Energy-level coverage of the dataset obtained during this study (red dots) 
against that of NASA Ames-2021 [13] (blue dots). See Table  3 for details about the 
vibrational bands of 16O12C17O.

those determined by multiple measured transitions. Nevertheless, our 
comparisons with other compilations of 627 energy levels, see below, 
did not identify any issues, suggesting that these levels are reliable.
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Fig. 5. Distribution of the number of incident transitions on the empirical rovibrational 
energy levels of 16O12C17O.

Table 2
Experimentally determined vibrational band origins (VBO) of 16O12C17O with expanded 
(two-sigma) uncertainties (Unc.) and those of CDSD-296 [10]. All energy data in 
ℎ𝑐 cm−1.
 Band MARVEL Unc. CDSD-296

 (0 0 0 0 1 𝑒) 0.00000 0.00000 0.00000
 (1 0 0 0 2 𝑒) 1272.28674 0.00100 1272.28650
 (1 0 0 0 1 𝑒) 1376.02508 0.00027 1376.02737
 (0 0 0 1 1 𝑒) 2340.01354 0.00030 2340.01336
 (2 0 0 0 3 𝑒) 2524.24782 0.00104 2524.24811
 (2 0 0 0 2 𝑒) 2641.24017 0.00104 2641.24039
 (2 0 0 0 1 𝑒) 2775.59149 0.00104 2775.59215
 (1 0 0 1 2 𝑒) 3591.26949 0.00027 3591.26967
 (1 0 0 1 1 𝑒) 3693.35646 0.00027 3693.35657
 (3 0 0 0 3 𝑒) 3898.24483 0.00071 3898.24561
 (3 0 0 0 2 𝑒) 4023.41806 0.00120 4023.41820
 (0 0 0 2 1 𝑒) 4655.20279 0.00029 4655.20268
 (2 0 0 1 3 𝑒) 4821.51468 0.00027 4821.51464
 (2 0 0 1 2 𝑒) 4939.36168 0.00027 4939.36183
 (2 0 0 1 1 𝑒) 5068.92488 0.00027 5068.92479
 (1 0 0 2 1 𝑒) 5986.12898 0.00104 5986.12883
 (3 0 0 1 3 𝑒) 6175.95108 0.00041 6175.95141
 (3 0 0 1 2 𝑒) 6298.11211 0.00041 6298.11219
 (3 0 0 1 1 𝑒) 6463.47948 0.00104 6463.48047
 (0 0 0 3 1 𝑒) 6945.59751 0.00104 6945.59729
 (4 0 0 1 4 𝑒) 7397.75798 0.00104 7397.75716
 (4 0 0 1 3 𝑒) 7525.82098 0.00104 7525.82035
 (1 0 0 3 2 𝑒) 8154.46303 0.00104 8154.46307
 (1 0 0 3 1 𝑒) 8254.38997 0.00501 8254.39116

Table  2 presents the experimentally determined vibrational band 
origins (VBO) for the 16O12C17O isotopologue. The vibrational quan-
tum numbers are listed in the first column, fully specifying the vibra-
tional states. The VBO’s, provided in cm−1, correspond to empirical 
energy levels with 𝐽 = 0 and 𝑙2 = 0. Determining the energies of 
states with 𝑙2 > 0 requires some fitting procedure, which is beyond the 
scope of this work. The values of Table  2 are derived from the set of 
empirical energy levels determined through MARVEL. Note also that 
the agreement with the CDSD-296 values is perfect, well within the 
expanded uncertainties of the empirical (MARVEL) energy levels.

Fig.  6 illustrates the distribution of all the empirical rovibrational 
energy levels of 627, grouped according to the polyad number 𝑃 =
2𝑣1 + 𝑣2 + 3𝑣3. This figure shows clearly the occasional ambiguities 
related to the definition of 𝑃 .
5 
Fig. 6. Empirical rovibrational energy levels of 16O12C17O grouped by the polyad 
number 𝑃 = 2𝑣1 +𝑣2 +3𝑣3. The vibrational band origins (see Table  2 for their complete 
list) are given as red dots.

Fig. 7. Comparison between rovibrational energies of the present 16O12C17O dataset 
and those of CDSD-296 [10] (blue squares) and NASA Ames-2021 [13] (red circles).

4.2. Comparison with line lists

Fig.  7 shows the absolute differences between the empirical (MAR-
VEL) energy levels data and those of CDSD-296 [10] and NASA
Ames-2021 [13] line lists. The MARVEL data show significantly better 
agreement with CDSD-296 (with a root-mean-square, rms, deviation 
of 0.0014 ℎ𝑐 cm−1) than with unadjusted NASA Ames-2021 levels 
computed using the Ames-2 potential energy surface (the rms value is 
0.0165 ℎ𝑐 cm−1). This is not surprising, as the CDSD-296 data are semi-
empirical in nature, they were generated from effective Hamiltonian 
models accurately fitted to experimental data available prior to 2019. 
These comparisons provide extra validation to the MARVEL energy 
levels of this study.

5. Summary and conclusions

This study presents a comprehensive analysis of all the available 
high-resolution, rovibrational transitions of the fourth most abundant 
isotopologue of carbon dioxide, 16O12C17O. For this analysis, the MAR-
VEL algorithm and code [54–56] were employed. The transitions form-
ing the basis of the MARVEL analysis were collected from 31 literature 
sources. The 16223 measured transitions collected cover the wavenum-
ber range of 634–12727 cm−1. The number of unique transitions this 
database contains is 9822. Just 103 of all the transitions collected had 
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Table 3
Vibrational bands of 16O12C17O investigated in this study, with the ordering based on band descriptors (without the rotational quantum number 𝐽 ). Vibrational band origins (VBO) 
with ‘‘–’’ referring to VBOs which could not be directly determined from the present dataset of measured transitions.
 Band Range of 𝐽 No. of energy levels Unc. range/ℎ𝑐 cm−1 Avg. unc./ℎ𝑐 cm−1 Range of energy levels/ℎ𝑐 cm−1 VBO/ℎ𝑐 cm−1  
 (0 0 0 0 1 𝑒) 0–85 86 0.0000–0.0028 0.0004 0.00–2760.96 0.00  
 (0 0 0 1 1 𝑒) 0–85 86 0.0001–0.0030 0.0005 2340.01–5079.18 2340.01354(30)  
 (0 0 0 2 1 𝑒) 0–61 61 0.0002–0.0009 0.0002 4655.20–6062.78 4655.20279(29)  
 (0 0 0 3 1 𝑒) 0–67 63 0.0010–0.0010 0.0010 6945.60–8627.23 6945.59751(104) 
 (0 1 1 0 1 𝑒) 1–72 72 0.0002–0.0027 0.0005 665.49–2653.40 –  
 (0 1 1 0 1 𝑓 ) 1–69 69 0.0002–0.0032 0.0006 665.49–2495.28 –  
 (0 1 1 1 1 𝑒) 1–71 70 0.0002–0.0031 0.0010 2993.05–4911.50 –  
 (0 1 1 1 1 𝑓 ) 1–70 69 0.0002–0.0035 0.0011 2993.06–4861.06 –  
 (0 1 1 2 1 𝑒) 1–47 44 0.0002–0.0016 0.0004 5295.82–6136.21 –  
 (0 1 1 2 1 𝑓 ) 1–45 44 0.0001–0.0010 0.0004 5295.83–6068.04 –  
 (0 1 1 3 1 𝑒) 1–46 45 0.0010–0.0015 0.0011 7573.83–8372.82 –  
 (0 1 1 3 1 𝑓 ) 1–59 52 0.0010–0.0019 0.0011 7573.84–8883.81 –  
 (0 2 2 0 1 𝑒) 2–59 55 0.0010–0.0018 0.0012 1332.12–2673.47 –  
 (0 2 2 0 1 𝑓 ) 2–51 49 0.0011–0.0032 0.0015 1332.12–2336.76 –  
 (0 2 2 1 1 𝑒) 2–58 55 0.0001–0.0020 0.0010 3647.26–4933.85 –  
 (0 2 2 1 1 𝑓 ) 2–50 47 0.0015–0.0037 0.0018 3647.26–4605.72 –  
 (0 2 2 2 1 𝑓 ) 18–18 1 0.0017–0.0017 0.0017 6063.32–6063.32 –  
 (0 2 2 3 1 𝑒) 7–34 14 0.0014–0.0016 0.0015 8221.82–8642.59 –  
 (0 2 2 3 1 𝑓 ) 7–34 14 0.0015–0.0017 0.0015 8221.82–8642.60 –  
 (1 0 0 0 1 𝑒) 0–66 63 0.0000–0.0010 0.0003 1376.03–3048.89 1376.02508(27)  
 (1 0 0 0 2 𝑒) 0–64 63 0.0000–0.0010 0.0003 1272.29–2845.16 1272.28674(100) 
 (1 0 0 1 1 𝑒) 0–80 80 0.0000–0.0015 0.0002 3693.36–6123.76 3693.35646(27)  
 (1 0 0 1 2 𝑒) 0–81 81 0.0000–0.0020 0.0003 3591.27–6080.96 3591.26949(27)  
 (1 0 0 2 1 𝑒) 0–49 48 0.0003–0.0010 0.0005 5986.13–6898.65 5986.12898(104) 
 (1 0 0 2 2 𝑒) 2–66 60 0.0003–0.0013 0.0007 5887.56–7531.52 –  
 (1 0 0 3 1 𝑒) 0–58 58 0.0010–0.0050 0.0016 8254.39–9518.20 8254.38997(501) 
 (1 0 0 3 2 𝑒) 0–59 60 0.0010–0.0050 0.0016 8154.46–9462.58 8154.46303(104) 
 (1 0 0 5 1 𝑒) 2–45 44 0.0030–0.0030 0.0030 12719.78–13469.81 –  
 (1 0 0 5 2 𝑒) 1–46 46 0.0030–0.0030 0.0030 12618.88–13405.10 –  
 (1 1 1 0 1 𝑒) 1–70 68 0.0001–0.0041 0.0008 2062.86–3942.52 –  
 (1 1 1 0 1 𝑓 ) 1–53 53 0.0001–0.0039 0.0008 2062.86–3148.28 –  
 (1 1 1 0 2 𝑒) 1–60 60 0.0001–0.0010 0.0006 1917.45–3302.10 –  
 (1 1 1 0 2 𝑓 ) 1–52 51 0.0002–0.0012 0.0006 1917.45–2962.59 –  
 (1 1 1 1 1 𝑒) 1–73 73 0.0002–0.0027 0.0005 4367.55–6394.48 –  
 (1 1 1 1 1 𝑓 ) 1–70 69 0.0002–0.0032 0.0006 4367.56–6236.90 –  
 (1 1 1 1 2 𝑒) 1–65 64 0.0002–0.0011 0.0003 4224.17–5834.59 –  
 (1 1 1 1 2 𝑓 ) 1–70 63 0.0002–0.0033 0.0005 4224.18–6093.53 –  
 (1 1 1 2 1 𝑒) 1–45 39 0.0010–0.0023 0.0011 6647.68–7418.61 –  
 (1 1 1 2 1 𝑓 ) 1–48 40 0.0010–0.0010 0.0010 6647.69–7525.58 –  
 (1 1 1 2 2 𝑒) 1–58 53 0.0010–0.0016 0.0011 6506.05–7781.04 –  
 (1 1 1 2 2 𝑓 ) 1–56 52 0.0010–0.0019 0.0011 6506.05–7697.99 –  
 (1 1 1 3 1 𝑒) 2–39 26 0.0010–0.0034 0.0011 8904.78–9479.58 –  
 (1 1 1 3 1 𝑓 ) 2–36 25 0.0010–0.0036 0.0011 8904.78–9396.30 –  
 (1 1 1 3 2 𝑒) 3–44 35 0.0010–0.0050 0.0014 8766.80–9495.22 –  
 (1 1 1 3 2 𝑓 ) 3–40 34 0.0010–0.0050 0.0016 8766.81–9370.78 –  
 (1 2 2 0 1 𝑒) 2–56 53 0.0010–0.0015 0.0010 2745.68–3955.05 –  
 (1 2 2 0 1 𝑓 ) 2–55 53 0.0010–0.0018 0.0011 2745.68–3912.75 –  
 (1 2 2 1 1 𝑒) 2–53 50 0.0010–0.0018 0.0011 5037.78–6113.67 –  
 (1 2 2 1 1 𝑓 ) 2–50 49 0.0011–0.0032 0.0014 5037.78–5996.33 –  
 (1 2 2 1 2 𝑒) 2–54 49 0.0010–0.0019 0.0011 4863.33–5980.45 –  
 (1 2 2 1 2 𝑓 ) 2–50 46 0.0011–0.0032 0.0014 4863.32–5822.25 –  
 (1 2 2 2 2 𝑒) 2–38 17 0.0014–0.0016 0.0015 7132.99–7685.42 –  
 (1 2 2 2 2 𝑓 ) 5–47 19 0.0015–0.0033 0.0017 7141.98–7974.85 –  
 (2 0 0 0 1 𝑒) 0–56 57 0.0005–0.0015 0.0010 2775.59–3985.29 2775.59149(104) 
 (2 0 0 0 2 𝑒) 0–64 65 0.0001–0.0010 0.0005 2641.24–4211.86 2641.24017(104) 
 (2 0 0 0 3 𝑒) 0–57 58 0.0001–0.0010 0.0005 2524.2–3776.07 2524.24782(104) 
 (2 0 0 1 1 𝑒) 0–67 68 0.0000–0.0008 0.0002 5068.92–6781.32 5068.92488(27)  
 (2 0 0 1 2 𝑒) 0–77 75 0.0000–0.0015 0.0002 4939.36–7187.93 4939.36168(27)  
 (2 0 0 1 3 𝑒) 0–67 68 0.0000–0.0014 0.0002 4821.51–6532.86 4821.51468(27)  
 (2 0 0 2 1 𝑒) 3–37 18 0.0010–0.0013 0.0010 7342.35–7862.49 –  
 (2 0 0 2 2 𝑒) 2–48 37 0.0010–0.0018 0.0010 7215.13–8087.46 –  
 (2 0 0 2 3 𝑒) 1–49 41 0.0010–0.0019 0.0011 7094.57–8008.07 –  
 (2 1 1 0 1 𝑒) 3–42 40 0.0001–0.0013 0.0008 3480.18–4159.76 –  
 (2 1 1 0 1 𝑓 ) 3–40 38 0.0010–0.0010 0.0010 3480.19–4099.07 –  
 (2 1 1 0 2 𝑒) 3–64 61 0.0001–0.0010 0.0003 3313.30–4881.11 –  
 (2 1 1 0 2 𝑓 ) 2–43 36 0.0002–0.0018 0.0006 3311.03–4026.46 –  
 (2 1 1 0 3 𝑒) 8–54 47 0.0010–0.0016 0.0010 3181.03–4278.70 –  
 (2 1 1 1 1 𝑒) 1–54 54 0.0002–0.0021 0.0003 5757.29–6872.67 –  
 (2 1 1 1 1 𝑓 ) 1–55 54 0.0002–0.0016 0.0003 5757.29–6917.72 –  
 (2 1 1 1 2 𝑒) 1–58 55 0.0002–0.0019 0.0003 5594.42–6877.41 –  
 (2 1 1 1 2 𝑓 ) 1–59 56 0.0002–0.0017 0.0003 5594.42–6925.31 –  
 (2 1 1 1 3 𝑒) 1–53 52 0.0002–0.0009 0.0003 5440.05–6515.50 –  
 (continued on next page)
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Table 3 (continued).
 Band Range of 𝐽 No. of energy levels Unc. range/ℎ𝑐 cm−1 Avg. unc./ℎ𝑐 cm−1 Range of energy levels/ℎ𝑐 cm−1 VBO/ℎ𝑐 cm−1  
 (2 1 1 1 3 𝑓 ) 1–52 50 0.0002–0.0006 0.0002 5440.06–6478.73 –  
 (2 1 1 2 2 𝑒) 7–33 11 0.0010–0.0010 0.0010 7874.90–8271.68 –  
 (2 1 1 2 2 𝑓 ) 6–26 14 0.0010–0.0010 0.0010 7869.72–8116.90 –  
 (2 1 1 2 3 𝑒) 8–31 13 0.0010–0.0010 0.0010 7726.90–8070.49 –  
 (2 1 1 2 3 𝑓 ) 9–30 14 0.0010–0.0010 0.0010 7733.73–8048.40 –  
 (2 2 2 0 2 𝑒) 21–39 12 0.0005–0.0008 0.0006 4151.00–4567.75 –  
 (2 2 2 0 2 𝑓 ) 22–37 7 0.0005–0.0007 0.0006 4167.71–4509.34 –  
 (2 2 2 1 1 𝑒) 5–33 24 0.0011–0.0013 0.0011 6449.03–6860.86 –  
 (2 2 2 1 1 𝑓 ) 5–33 24 0.0011–0.0018 0.0012 6449.04–6860.90 –  
 (2 2 2 1 2 𝑒) 4–35 32 0.0010–0.0014 0.0011 6255.24–6722.44 –  
 (2 2 2 1 2 𝑓 ) 4–36 33 0.0011–0.0020 0.0012 6255.24–6749.56 –  
 (2 2 2 1 3 𝑒) 7–27 18 0.0011–0.0012 0.0011 6085.98–6350.27 –  
 (2 2 2 1 3 𝑓 ) 7–30 20 0.0011–0.0012 0.0011 6085.99–6415.92 –  
 (2 3 3 0 1 𝑒) 13–31 16 0.0010–0.0011 0.0010 4928.64–5236.99 –  
 (2 3 3 0 1 𝑓 ) 13–31 16 0.0011–0.0014 0.0011 4928.64–5236.99 –  
 (3 0 0 0 1 𝑒) 8–24 14 0.0010–0.0020 0.0013 4221.81–4422.25 –  
 (3 0 0 0 2 𝑒) 0–48 49 0.0001–0.0012 0.0004 4023.42–4912.80 4023.41806(120) 
 (3 0 0 0 3 𝑒) 0–53 52 0.0001–0.0011 0.0003 3898.24–4978.33 3898.24483(71)  
 (3 0 0 0 4 𝑒) 7–36 29 0.0003–0.0007 0.0004 3779.13–4263.43 –  
 (3 0 0 1 1 𝑒) 0–65 65 0.0003–0.0014 0.0006 6463.48–8078.55 6463.47948(104) 
 (3 0 0 1 2 𝑒) 0–75 70 0.0001–0.0010 0.0005 6298.11–8434.56 6298.11211(41)  
 (3 0 0 1 3 𝑒) 0–71 68 0.0001–0.0030 0.0005 6175.95–8088.98 6175.95108(41)  
 (3 0 0 1 4 𝑒) 1–60 56 0.0002–0.0010 0.0004 6034.23–7410.89 –  
 (3 1 1 0 1 𝑒) 12–22 7 0.0020–0.0020 0.0020 4962.96–5095.61 –  
 (3 1 1 0 1 𝑓 ) 14–22 5 0.0020–0.0020 0.0020 4983.80–5096.51 –  
 (3 1 1 0 2 𝑒) 20–21 2 0.0021–0.0029 0.0025 4869.94–4885.82 –  
 (3 1 1 0 2 𝑓 ) 24–24 1 0.0016–0.0016 0.0016 4938.88–4938.88 –  
 (3 1 1 0 3 𝑒) 17–27 2 0.0011–0.0015 0.0013 4662.07–4832.22 –  
 (3 1 1 1 2 𝑒) 2–41 35 0.0003–0.0030 0.0008 6974.98–7618.95 –  
 (3 1 1 1 2 𝑓 ) 2–38 35 0.0003–0.0030 0.0009 6974.99–7530.91 –  
 (3 1 1 1 3 𝑒) 4–40 34 0.0003–0.0021 0.0005 6818.40–7426.13 –  
 (3 1 1 1 3 𝑓 ) 3–43 38 0.0003–0.0010 0.0005 6815.42–7523.04 –  
 (4 0 0 1 1 𝑒) 5–40 30 0.0010–0.0018 0.0011 7883.74–8491.09 –  
 (4 0 0 1 2 𝑒) 1–61 56 0.0010–0.0019 0.0010 7677.18–9097.15 –  
 (4 0 0 1 3 𝑒) 0–46 47 0.0008–0.0011 0.0009 7525.82–8334.69 7525.82098(104) 
 (4 0 0 1 4 𝑒) 0–61 52 0.0008–0.0010 0.0009 7397.76–8815.04 7397.75798(104) 
 (4 0 0 1 5 𝑒) 2–46 41 0.0010–0.0021 0.0011 7233.13–8046.34 –  
 (4 1 1 0 4 𝑒) 10–51 29 0.0010–0.0010 0.0010 5814.88–6775.33 –  
 (4 1 1 1 2 𝑒) 3–46 33 0.0010–0.0014 0.0010 8368.77–9175.93 –  
 (4 1 1 1 2 𝑓 ) 1–38 35 0.0010–0.0013 0.0010 8365.02–8923.23 –  
 (4 1 1 1 3 𝑒) 2–47 38 0.0010–0.0021 0.0011 8186.03–9028.93 –  
 (4 1 1 1 3 𝑓 ) 4–43 34 0.0010–0.0025 0.0011 8191.30–8895.49 –  
 (4 1 1 1 4 𝑒) 6–40 18 0.0010–0.0010 0.0010 8032.80–8632.28 –  
 (4 1 1 1 4 𝑓 ) 6–35 18 0.0010–0.0014 0.0010 8032.87–8491.81 –  
 (5 0 0 1 4 𝑒) 8–43 19 0.0010–0.0010 0.0010 8775.60–9455.35 –  
to be excluded from our final analysis. The 9822 unique measured tran-
sitions determine 5036 empirical rovibrational energy levels, extending 
up to 13470 ℎ𝑐 cm−1. The average expanded uncertainty of the levels 
is 8 × 10−4 ℎ𝑐 cm−1.

Detailed comparisons of the empirical energy levels of the present 
study with their counterparts in the CDSD-296 [10] and the NASA 
Ames-2021 [13] databases reveal average differences of 0.0014 and 
0.0165 ℎ𝑐 cm−1, respectively. Unlike other databases that rely heavily 
on theoretical calculations, our results are derived using the model-
independent MARVEL algorithm, which ensures each energy level is 
supported by (often multiple) measured transitions. This approach 
can result in significantly lower uncertainties than calculations based 
on even refined potential energy surfaces, making them potentially 
more accurate and reliable than single experimental measurements. 
The MARVEL treatment is also easily extendable as new datasets of 
measured transitions can be added to the MARVEL input file and the 
procedure re-run; see Refs. [83] and [84] for recent examples.
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Data availability

The MARVEL input file, including all the transitions, and the MAR-
VEL output file, with all the energy levels, are supplied as Supple-
mentary Material to this paper. Both the measured transitions and 
the empirical energy levels have expanded (two-sigma) uncertainties 
attached to them.
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