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Abstract 

As evidenced by the massive number of their users, line-by-line spectroscopic data
bases are indispensable for scientists and engineers working in many fields. To ensure 
the high accuracy of line-by-line data, both advanced experimental (ultra)high-reso
lution spectroscopy techniques and sophisticated empirical/theoretical approaches 
are required. This study provides a review about the combined use of experimental, 
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empirical, and theoretical spectroscopic data, emphasizing the considerable advan
tages resulting from a joint treatment. In particular, employing the (C)W2024 database 
of H2

16O transitions and empirical energy levels, significant problems with experi
mental data, such as typographical errors, miscalibrations, underestimated uncer
tainties, and misinterpretation of observed peaks, are discussed. Issues with (semi-) 
empirical data, determined via Ritz-based and effective-Hamiltonian procedures, are 
outlined next. Following a brief description about the current state of first-principles 
computations, a few examples are given where complex spectral features are mis
interpreted. In all cases, feasible solutions to the problems identified are presented. 
Finally, to avoid similar issues in future publications, recommendations are made for 
providers of high-resolution spectroscopic data, as well as for computational spec
troscopists and database providers.

1. Introduction

Besides computers, few tools have been invented by mankind which 
proved to be as valuable for science and technology as spectrometers. 
During the last two centuries, scientific and technological developments 
were hugely impacted by these ever-evolving instruments.1 In simple 
terms, spectroscopy is the science of studying the interaction of matter with 
electromagnetic radiation, from the shortest to the longest wavelengths 
(in all phases, though here we are concentrating on the gas phase). Several 
reasons can be given why detailed high-resolution rovibronic spectroscopic 
information, the topic of this article, is so important for humanity.2–4 For 
example, spectroscopy is indispensable to understand various natural and 
artificial environments surrounding us, be it on Earth or in our (expanding) 
universe. Atmospheric research (radiative transfer), astrophysics and astro
chemistry (star formation, (exo)planetary atmospheres, interstellar 
medium), medical (breath analysis), communication, remote-sensing, and 
space-mission science and engineering all use spectroscopic data exten
sively. Modeling of all these vastly different environments is also based, at 
least partially, on the availability of detailed, often line-by-line spectro
scopic data.

To equip the very large community of users of reliable rovibronic 
spectroscopic information, during the last half of a century it became 
common to deposit spectroscopic data in validated, annotated, and reg
ularly updated spectroscopic databases, such as (in alphabetical order) 
AFCRL,5 CDMS (Cologne Database for Molecular Spectroscopy),6

ExoMol,7,8 GEISA,9 HITRAN (high-resolution transmission molecular 
absorption),4,10 which the Budapest group has been contributing to for 
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about a decade,4,11,12 and JPL.13 Note that the authors of this article 
maintain their own spectroscopic information system. It is part of 
ReSpecTh, a catalog containing reaction kinetics (Re), high- resolution 
spectroscopy (Spec), and thermochemical (Th) data, with tools facilitating 
the use of its information content (see https://respecth.elte.hu).

Assembling large line-by-line spectroscopic databases always involves 
the treatment of data of heterogeneous (experimental, empirical, and 
computational) origin. These data are characterized, among other impor
tant differences, by vastly different accuracies. The uncertainty range of 
these heterogeneous data extends from a few tenths of kHz (for the most 
accurately measured Lamb-dip frequencies)14,15 to 1–2 cm−1 (for the best 
first-principles computation of rovibronic wavenumbers),2 that is 8–9 
orders of magnitude. This extent of heterogeneity naturally gives rise to a 
number of issues during the comprehensive, joint analysis of all these data. 
Needless to say, as the sophistication of the experimental, empirical, and 
theoretical approaches changed, the interplay between these data sources 
also changed significantly. Measuring molecular spectra at high resolution 
and the interpretation of spectral features developed substantially during the 
last decades.1 Nevertheless, the information provided by these measure
ments remained basically the same: line positions, line assignments, line 
intensities, line widths, as well as self- and foreign shifts caused by the 
environment of the absorbing or emitting molecule. All this information is 
stored in the most widely used line-by-line spectroscopic databases,4−10

HITRAN4 being the canonical one. These extensive datasets are scruti
nized carefully by new experiments and get updated on a regular basis; for 
example, every four years in the case of HITRAN.

Compact representation of measured line positions and intensities has 
traditionally been achieved via effective Hamiltonians (EH).16 The EHs of 
various form contain a relatively small number of adjustable parameters, 
refined based on the available experimental information; thus, these 
spectroscopic parameters change regularly when new experimental infor
mation becomes available. The EH approach works extremely well for 
heavier species and for lower rovibrational excitations and it is an excellent 
source of (semi-)empirical spectroscopic results. Based upon its design, the 
EH approach works much better when it interpolates than when it 
extrapolates. Occasionally, it may have significant accuracy issues, as shown 
for the case of the NH3 molecule,17 discussed briefly below.

An alternative representation of the experimental line positions is pro
vided by the upper and lower states of observed transitions, relying only on 

Experimental, empirical, and computed spectroscopic data                                                3 

https://respecth.elte.hu


the Ritz principle.18 Employing an inversion scheme for the transition fre
quencies, the underlying energy levels can be determined with practically the 
same accuracy characterizing the experimental results. One such inversion 
protocol, developed in our group, is called MARVEL, where the abbre
viation stands for Measured Active Rotational-Vibrational Energy 
Levels.19–22,23 The MARVEL procedure results in empirical energy values 
accompanied by individual uncertainties and confidence intervals.23 During 
the last decade, our group performed MARVEL analyses for a large number 
of spectra measured for numerous molecules, including diatomics 
(12C2,

24,25 12CH,26 14NH,27 16OH,26 16O2,
28 48Ti16O,29 and 90Zr16O30), 

triatomics (several CO2 isotopologues,31,32 three H3
+ isotopologues,33,34

nine water isotopologues,23,35–42 two H16OCl isotopologues,43,44

H2
16S,45 14N2

16O,46 as well as four S16O2 isotopologues),47 tetratomics 
(12C2H2,

48 H2
12C16O,49 and 14NH3

50), and even a pentatomic molecule, 
H2

12C2
16O.51 The MARVEL approach has been described at several stages 

of its development and has been reviewed several times, as well.22,23,52−54

The formulation of the MARVEL scheme heavily utilizes the theory of 
spectroscopic networks (SN).52,54,55 SNs are weighted, directed, loop-free 
multigraphs, where (a) the nodes are energy levels, (b) the edges are 
rovibronic transitions, directed from their lower energy levels to their 
upper ones, and (c) nonnegative edge weights are attached to the transitions 
(more generally, node and edge weights are selected for the actual task the 
SN approach is applied for). The most important elements of an SN are (a) 
components (sets of energy levels not linked by transitions), (b) paths 
(sequences of connected, unrepeated lines and states), (c) cycles (series of 
connected transitions and energy levels, where every rovibronic state has 
two neighboring energy levels), and (d) bridges (lines whose deletion 
increases the number of components). The energy levels of the various 
components are not connected by definition. Within a component, the 
relative energy values of the states are defined with respect to the lowest- 
energy level in that component. When this is the lowest-energy level of a 
nuclear-spin isomer of the given molecule, this component is a principal 
component, otherwise it is a floating component.

As to the accuracy of first-principles variational nuclear-motion com
putations, as of today, that is in the fourth age of quantum chemistry,56 we 
distinguish between absolute energies, energy differences, and (usually one- 
photon, dipole-allowed) line intensities. Achieving a 0.1 % accuracy in 
variationally computed energies56 is certainly feasible with potential energy 
surfaces (PES) computed at the highest levels of electronic structure 
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theory,57 which translates to an average accuracy of 1–2 cm−1,2 in the most 
interesting mid-infrared region. This accuracy is sufficient for unique 
assignment of experimental transitions with relatively high (>10−26 cm 
molecule−1) intensity, whose spectral separations are larger than the 
uncertainties of the first-principles line positions. However, spectral regions 
of highest interest today exhibit transitions with much smaller intensity and 
a much larger density, leading to a number of issues when experimental and 
computational results are to be used together. As to energy differences of 
rovibrational states with the same vibrational assignment, the computa
tional accuracy could be much higher,41,49,58 as most of the errors in the 
solution of a rovibrational Schrödinger equation is in the vibrational band 
origins, which cancel out during the subtraction. As to intensities, the 
computational uncertainty is considerably higher, nowadays it covers the 
range of 0.5–10 %, sometimes even better.59 Nevertheless, this accuracy 
appears to be more useful than the 0.1 % accuracy of the absolute energies, 
as the intensities of closely-spaced spectral lines can be orders of magnitude 
different, helping the analysis and the assignment of observed features 
tremendously.44

There is another substantial difference between experimental and 
computed spectroscopic results one needs to emphasize52−54 in order to 
understand some of the modern developments in the field of high-reso
lution molecular spectroscopy. While experiments provide much more 
accurate information than first-principles computations for systems con
taining more than a few electrons and nuclei, the relatively inaccurate 
theoretical information is much more complete (say up to the first dis
sociation limit). Completeness does not apply to experiments, which cover 
only a very small part of the transitions and the energy levels, even in the 
most thoroughly studied cases. To wit, note that for one of the spectro
scopically most extensively studied polyatomic molecules, H2

16O, the 
situation is still as follows (after 100 years of spectroscopic measurements 
leading to more than 200 publications): while the number of bound 
rovibrational states of H2

16O approaches one million, only about 2 %, that 
is about 20,000 energy levels have become known from experiment, and 
full coverage is available only up to 9000 cm−1,23,60 while the first dis
sociation limit is above 40,000 cm−1.61,62

Therefore, the practically most useful approach toward an improved 
understanding of high-resolution spectra is to combine all the information 
available, whether from experiments, empirical analyses, or computations. 
Indeed, composite line lists, utilizing all three types of spectroscopic 
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information, have become available for selected triatomic molecules, such 
as H2

16O.23,60 One should also add that strategies to combine experi
mental, empirical, and computed spectral data have been developed for 
slightly larger species, as well, see, for example, the BTRHE (Best Theory 
plus Reliable High-Resolution Experimental data) studies at NASA- 
Ames,63–65 the ExoMol project at UCL,7 and the TheoReTS (Theoretical 
Reims–Tomsk Spectral data) information system.66

This paper reviews, mostly from a historical perspective, the challenges 
and the advantages characterizing the joint application of experimental, 
empirical, and computational information during the analysis of spectro
scopic data and the construction of line-by-line spectroscopic databases. 
The discussion is based mostly on research conducted by members of the 
Budapest group, often in collaboration with a number of experimentalists 
performing high-resolution and precision-spectroscopy measurements. 
The issues identified during the related research, some spelled out here via 
selected examples, lead directly to a set of recommendations, formulated at 
the end of this paper. The authors’ hope is that these recommendations will 
help to improve the presentation of spectroscopic results, so that ambiguity 
concerning the data and the related metadata can be reduced or even 
diminished.

2. Issues with experimental data

Out of the many parameters characterizing each and every experi
mentally observable spectral feature, here we are concentrating on line 
positions and line assignments. The reason is that these are the quantities 
most directly linked to empirical and first-principles computed spectro
scopic information.

2.1 Typographical errors
Since most of the experimental spectroscopic data are available only in a 
printed form (aggravated by the fact that often the original articles have 
been scanned in rather poor quality), there is a clear danger that some of the 
experimental information was typed in or became available incorrectly. 
This will remain a significant problem until all data are handled/reported 
fully digitally and all previously obtained data are either validated or 
refuted.
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As an example, let us take a transition wavenumber from Ref. 67, 
whereby the authors ordered the measured positions of the assigned lines of 
H2

16O according to their increasing wavenumbers. As revealed during the 
creation of the W2024 database,23 a line position out of this order, at 
13,312.0013 cm−1, possesses a MARVEL residual (i.e., an observed minus 
MARVEL-predicted wavenumber deviation) of almost exactly 1 cm−1 

(in fact, 0.9982 cm−1). This round residual suggests that it is due to a 
typographical error in the position reported in Ref. 67.

It has been customary to publish experimental line positions only after 
they got labeled by a set of appropriate (good and approximate) quantum 
numbers, traditionally extracted from effective Hamiltonian (EH) fits. 
According to well-established quantum selection rules, there are certain 
symmetry requirements and highly limited changes in the rotational 
quantum numbers describing a transition. Violation of these selection rules 
leads either to a non-existent quantum state or a transition forbidden under 
the given experimental conditions. Before the advent of modern compu
ters and data handling, the occurrence of typographical errors in the 
published data breaking selection rules was considered somewhat natural. 
However, even in newer data sources supplied with electronic appendices, 
there are lines reported with non-existing upper and/or lower states, as 
recognized, once again, during the compilation of the W2024 dataset23,60

(see, e.g., Ref. 68, listing 19 impossible quantum states).

2.2 Miscalibrations
Before the appearance of optical frequency combs,70,71 the majority of 
high-resolution spectroscopic data came from Fourier-transform infrared 
(FT-IR) measurements. Being a relative frequency measurement tech
nique, FT-IR positions are as good as the frequencies used for calibrating 
the lines. Thus, calibration of FT-IR spectra may have affected the 
reported positions much beyond measurement uncertainty, because the 
reference calibration frequencies applied in the calibration process may turn 
out to be somewhat inaccurate.

As an example indicating issues with the calibration of FT-IR sources, 
Fig. 1 reveals the presence of systematic errors in the transition wave
numbers reported in Ref. 69 concerning H2

16O: most of the (red) 
MARVEL residuals, with respect to the original dataset, are concentrated 
on the positive part of the vertical axis, with a significantly positive median 
value. Relying on the MARVEL approach and the complete set of 
accurate data collected, one can straightforwardly find an optimized linear 
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recalibration factor, 0.999,999,598, for this source. Applying this factor to 
the experimental positions of Ref. 69, the new (green) residuals become 
distributed consistently on the positive and negative sides of the vertical 
axis, resulting in a negligible median deviation. One must mention that 
recalibration has a beneficial effect on the overall accuracy of the line 
positions given in Ref. 69, as well, reducing the median of the absolute 
residuals from 8.4 × 10−4 to 5.8 × 10−4 cm−1.

2.3 Underestimated uncertainties
Unfortunately, it has been common practice in the high-resolution spec
troscopy literature that the papers do not provide individual uncertainties 
for the parameters of the measured lines. Here we are concentrating on 
uncertainties of line positions, where the use of network-theoretical 
tools55,72 helps to reveal problems with some of the reported values. 
Individual uncertainties provided by those measuring the spectrum often 
prove to be dependable: this is the case when all important uncertainty 
factors in the error budget are accounted for and the overlapping lines are 
treated properly, in accordance with peak heights, signal-to-noise ratios, 

Fig. 1 Example showing the clear need for recalibration of a measured spectrum, 
using a linear calibration factor , as revealed during a MARVEL analysis of the 
rovibrational lines reported in 82EsHuSaVa.69 For the convention how sources of 
experimental spectroscopic data are named, see Sec. 5.1. 
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and spectral residuals. In contrast, reported average uncertainties, especially 
those corresponding to best-case scenarios, may be quite misleading.

The case shown in Fig. 2 uncovers an accuracy problem involving five 
far-infrared transitions observed for H2

16O between 118 and 480 cm−1 in 
five independent studies.73–77 Four of these lines were supplied with 
individual uncertainties; the exception is the transition at 446.35 cm−1,75

for which only an average uncertainty of 3 × 10−5 cm−1 is available. The 
lines form two four-membered cycles, called here 4-cycles, differing only 
in the green and red transitions in Fig. 2. The outer 4-cycle consists of lines 
with correct uncertainties, because its discrepancy is lower than its 
threshold (see the caption to Fig. 2 for the definition of these two quan
tities). The inner 4-cycle, however, is definitely problematic, with a 
14 times higher discrepancy than the threshold (of course, the same holds 
for the red–green trivial cycle). Therefore, one may assume that this large 

Fig. 2 Proof of an underestimated uncertainty for a line position, with evidence given 
by three cycles. The numbers on arrows are experimental wavenumbers in cm−1, with 
the uncertainty of their last few digits in parenthesis, taken from 95MaOdIwTs,73

97NaLoInNo,74 05HoAnAlPi,75 22ToKoMiPi,76 and 24MiKaKoCa.77 For the naming 
convention of the sources, as well as the labeling of the quantum states, see Sec. 5.1. 
For all wavenumbers, signs are also given in brackets, which can be employed to 
determine the discrepancies (absolute sums of the signed positions) of the cycles. 
Notice that two signs are specified for the green line, because it changes sign within 
its trivial cycle. The discrepancies and the associated thresholds (sums of the wave
number uncertainties), are given in the gray boxes.  
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discrepancy arises from the red transition shared by the two bad cycles. 
It turns out from Ref. 77 that (a) the red line is very weak in the spectrum 
recorded for a D2O-enriched sample, (b) there is a strong D2

16O transition 
nearby, able to spoil the accuracy of the red line, and (c) the reported 
uncertainties are only statistical errors and do not include any systematic 
terms. As a result, the uncertainty of the red transition appears to be highly 
underestimated, and thus must be increased, by a factor of about 33, to at 
least 1 × 10−3 cm−1.

2.4 Misinterpretation
The hardest problems with experimental data are related to the incorrect 
interpretation of measured spectral features, which might distort the 
numerical values of the retrieved line positions. Incorrect interpretation is 
due to an incorrectly assigned peak, causing incompatibility issues among 
the data in a global (MARVEL-like) treatment.

Although the reasons behind misassignments are quite diverse, they 
usually occur when (a) the labeling scheme applied for the underlying 
quantum states is ambiguous (for semirigid molecules this occurs at higher 
energies and excitations), (b) the closely-spaced transitions, producing 
overlapping line profiles, are not treated adequately (this information 
mostly comes from a source outside of the measurement and is usually 
unavailable to the experimentalist), and (c) “foreign” lines, belonging to 
contaminating species, appear in the recorded spectrum. A few examples 
for interpretation issues, all related to the spectrum of the H2

16O molecule, 
will be studied in detail in Sec. 5.2.

3. Issues with empirical data

Quantum theory offers several ways helping to interpret experimental 
rovibronic spectra. The most comprehensive and computationally most 
intensive one, the (quasi-)variational solution of the time-independent 
nuclear Schrödinger equation, is based on the full nuclear Hamiltonian. The 
strengths and weaknesses of this procedure will be discussed in Sec. 4. Here, 
two distinct approaches are dealt with: the first one is a Hamiltonian-free 
method relying solely on the Ritz principle,18 while the second one uses a 
(highly simplified) effective Hamiltonian model. Both approaches provide a 
representation of the measured transition frequencies.
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3.1 Issues with MARVEL energies
Hamiltonian-free approaches determine empirical energy levels from 
measured and validated transitions via line-inversion procedures.19,78−83

The protocol and code we developed along these lines is MARVEL,19–23

built upon the theory of spectroscopic networks.55 MARVEL energies 
should be able to reproduce observed lines to experimental accuracy and, at 
the same time, provide transition frequencies not yet measured with an 
accuracy similar to that of the underlying measurements.

To gain a correct picture about the strengths and weaknesses of the 
MARVEL methodology, one must understand the limitations of network- 
based methods for the identification of outliers. During the analysis of 
spectroscopic networks, outliers are lines with incorrect wavenumbers, 
uncertainties, or assignments. As described in detail,84 outlier-detection 
algorithms designed for SNs are built upon the presence of cycles and the 
notion of network (in)consistency. An SN is said to be consistent if the 
discrepancy is smaller than the threshold for each of its cycles, otherwise it 
is called inconsistent.

There are a few common misconceptions concerning outlier detection 
in high-resolution spectroscopy.84 Perhaps the most unexpected one is 
connected to ‘latent outliers’, which cannot be recognized via network- 
theoretical tools, because they do not violate the consistency of SNs. 
Thanks to potential error cancellation in cycles, see misconception M5 in 
Ref. 84, in principle any line could be a latent outlier. In practice, a latent 
outlier is most frequently (a) a bridge or (b) a transition whose uncertainty 
is lower than the threshold in all of its cycles. For example, when a tran
sition has an uncertainty of 10−4 cm−1, but it takes part only in cycles with 
thresholds of 10−3 cm−1, the accuracy of this line can be validated by 
MARVEL only to 10−3 cm−1. This observation led to the concept of 
confidence intervals, introduced recently to MARVEL analyses.23 A 
confidence interval value means a lower limit, below which no error can 
be revealed by MARVEL in a transition wavenumber or its uncertainty. 
For further details about confidence intervals, see Ref. 23.

Though the detection of outliers in spectroscopic networks is never a 
simple task, there are approaches which can help to uncover problematic 
lines destroying the accuracy of the derived energy levels and the predicted 
transition frequencies. In Ref. 84, a robust and efficient heuristic algorithm, 
called autoECART, was developed, standing for automatic Energy Con
servation Analysis of Rovibronic Transitions.84 autoECART is built upon 
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the investigation of network consistency by analyzing the properties of 
cycles in the spectroscopic network, yielding a collection of potential 
outliers (this contains, with high probability, all the outliers and only a 
minimal number of pseudo-outliers).

To increase the number of cycles in experimental spectroscopic net
works, a useful approach is to include state-of-the-art computational data 
(e.g., accurate first-principles energy differences) as artificial transitions. 
These additional data may help to make correct decisions in cases where 
there are conflicts among the transition wavenumbers, line assignments, 
and wavenumber uncertainties.

As emphasized above, incorrect entries may remain, even after the most 
elaborate checks, in the transitions dataset. Their detection requires new 
measurements, preferably with higher accuracy and better resolution. With 
all the advancement in experimental techniques, these certainly seem to be 
more and more feasible requirements. Furthermore, network-based design 
of experiments, advanced in our group,41,85–87 can also assist in the 
selection of target lines for new (ultra)high-resolution spectroscopic 
experiments.41,58,88–92

3.2 Issues with effective Hamiltonian energies
The effective Hamiltonian models of high-resolution molecular spectro
scopy contain a small set of effective spectroscopic parameters for each 
vibrational band of a given molecule, leading altogether to a large number 
of parameters when all the vibrational states are considered. The principal 
aim of EH fits is to reproduce measured line positions (and often intensities) 
within experimental accuracy. This process has traditionally antedated 
publication of the measurement results; in fact, often only these parameters 
and not the direct experimental line parameters were made available to the 
general public. When done successfully, the EH parameters obtained 
enable efficient interpolation within and a limited extrapolation beyond the 
actual measurements.

The spectroscopic literature contains a large number of examples 
discussing shortcomings of the EH approach. From the point of view of 
database developers, for example, a significant bottleneck in EH-based 
line-list generations is the lack of EH information about high-energy 
vibrational bands. The lighter the molecule, the higher the excitation, 
and the more complex the internal motions of the species under inves
tigation, the more difficult it is to use the EH approach successfully, as 
exemplified by the case of the methanol molecule.94,95 Here we discuss 
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only one breakdown concerning the EH method, found during our own 
analysis performed for the ground vibrational state of 14NH3.

17

Historically, spectroscopists considered96–101 EHs not suitable for fitting 
to the observed high-resolution spectra of 14NH3 to experimental accu
racy. This assessment was due partly to the fact that the internal motions of 
ammonia are governed by a symmetric double-well inversion potential. 
Despite of these reservations, Pearson and co-workers102–105 suggested that 
carefully constructed rotation-inversion EHs are able to describe the 
majority of the measured 14NH3 lines with remarkable accuracy. In Ref. 17, 
we have identified problems with these EH fits: the predicted rotational 
energies deviated drastically, up to several cm−1, from their MARVEL-based 
counterparts yielded in Ref. 17 for 14NH3 (see the left panel of Fig. 3). These 
issues were traced back to the presence of floating components within the 
spectroscopic network of 14NH3 transitions used during the EH fits, leading 
to correct line positions but erroneous EH energies. To overcome this 
apparent problem, that is to connect the floating components to the principal 
components, we decided to use a set of carefully selected artificial 
(first-principles) transitions, which vastly increased the accuracy of the 
deduced EH energy levels.

Fig. 3 Comparison of the effective Hamiltonian (EH) energies obtained for the ground 
vibrational state of 14NH3 with their accurate first- principles counterparts taken from 
Ref. 93. The left and right panels, respectively, show the results produced without and 
with the addition of a few artificial (first-principles) transitions to the training set. 
These artificial lines were designed such that there remain no floating components in 
the spectroscopic network defined by the training set. Notice the very different ver
tical scale of the two panels. On the horizontal axis, J is the overall rotational quantum 
number, and K denotes the projection of the total angular momentum on the 
molecule-fixed axis z. 
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The presence of floating components is a general issue and of particular 
concern for systems characterized by restrictive selection or propensity 
rules. As illustrated for 14NH3,

17 our combined theoretical and empirical 
approach results in accurate representation of both the observed transitions 
and the underlying rovibrational levels. Most importantly, the case of  
14NH3 proves beyond doubt that combining network theory and first- 
principles results during the calculation of EH parameters is a straightfor
ward and useful approach, one which helps avoiding pitfalls associated with 
complicated EH models.

4. Status of first-principles computations

During the last two decades, it became increasingly realistic to use 
powerful (quasi-)variational methods, such as those relying on the discrete 
variable representation (DVR)106–118 of the Hamiltonian of nuclear motions, 
to solve the related (time-independent) Schrödinger equation. These 
sophisticated techniques have allowed moving much beyond the traditional 
rigid-rotor–harmonic oscillator119,120 and second-order vibrational perturba
tion theory121–123 treatments of molecular vibrations and rotations. If the 
nuclear Schrödinger equation with an exact kinetic energy operator is solved 
in a variational fashion, the only significant approximation affecting the 
accuracy of the computed eigenenergies, besides the Born–Oppenheimer 
separation of nuclear and electronic coordinates,124 is the use of ab initio 
computed PESs. The accuracy of these PESs, due partly to improvements in 
electronic-structure techniques and partly to the nearly exponential growth in 
available computer resources, improved tremendously over the years, making 
first-principles spectroscopic data significantly more dependable than just a 
decade ago.56,115,125,126 Nevertheless, there is still a long way to go before 
first-principles computations will be able to produce energy levels with an 
accuracy approaching that of even the average of empirically-derived ones.

For the numerical solution of the time-independent nuclear (rovibra
tional) Schrödinger equation, several algorithms, together with associated 
codes, have been developed.113,115−117,127−136 A particularly useful strategy 
has been programmed into the code GENIUSH (GEneral nuclear-motion 
code with Numerical, Internal-coordinate, User-Specified Hamilto
nians),116,117,136 developed in our group. The most important characteristics 
of GENIUSH are as follows: (a) it is a black-box-type code, such as most 
electronic-structure codes (the user needs to provide solely the internal 
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coordinates describing the motion of the nuclei and the potential/property 
surfaces), (b) it is applicable to any molecular system, any choice of recti- and 
curvilinear internal coordinates, and any embedding of the rotating axes 
(even the Eckart axis system can be used137,138), without the need to rewrite 
the essential parts of the code, (c) it accommodates any full- or reduced- 
dimensional model of a vibrating-rotating molecule even if it has an arbitrary 
number of versions,139 thus it can treat not only semirigid but also quasis
tructural140 molecules, (d) despite its reliance on the discrete variable 
representation, it has a built-in symmetry treatment,136 and (e) it is able to 
compute a huge number of states through the use of variants of iterative 
(partial) diagonalization techniques.141

In general, with the aid of first-principles nuclear-motion methods, it 
has become possible to compute a very large number of quantum states for 
polyatomic molecules, even for cases with extremely complex nuclear 
dynamics.136,140,142−144 In particular, all of the bound vibrational states of 
triatomic species,145,146 and some of the resonance states,147 that is states 
above the first dissociation limit of the molecule, can be computed, making 
them amenable for spectroscopic characterization. Along with symmetry 
classification, the approximate vibrational and rotational labels one can 
attach to rovibrational states148 are much needed for the correct inter
pretation of spectroscopic experiments. As detailed in Ref. 56, the nuclear- 
motion wave functions computed give a clear indication about the extent 
of state mixing, which could also become important when setting up EH 
models for the representation of experimental spectroscopic results.

To some extent, first-principles computations deliver information 
complementary to that of empirical approaches. This complementary 
nature is depicted in Fig. 4, where (a) the observed, (b) the MARVEL- 
predicted but unobserved, (c) all the observed plus the MARVEL-pre
dicted, and (d) the complete set of variational results are plotted for H2

16O 
in four separate panels, employing the records of our CW2024 composite 
line list.23,60 As obvious from Fig. 4A, there is a definite intensity bottle
neck for the measured transitions: under a certain intensity cutoff, 
say 10−26 cm molecule−1, only few lines have been observed. This intensity 
issue does not appear in the predicted line list based on empirical 
(MARVEL) energies, yielding considerable coverage even at very low 
intensities (see Fig. 4B). Forming a combined set from the observed and the 
MARVEL-predicted transitions, see Fig. 4C, reveals that the observed lines 
contain lot more information than their measured positions. Nevertheless, 
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at large wavenumber values even the observed plus predicted dataset is far 
less complete than the variational line list, as shown in Fig. 4D.

While the absolute accuracy of first-principles computed energies is 
relatively limited,41,49,58,150 the uncertainties of energy differences can be 
much lower, and in some cases they are able to compete even with the 
accuracy of precision-spectroscopy measurements.41,58 Fig. 5 gives a gra
phical illustration of GENIUSH-computed energy splittings, obtained in 
Ref. 58, between some close-lying ortho- and para-H2

16O states with the 
same vibrational assignment (note that the ortho/para nuclear-spin isomers 
arise as H is a spin-1/2 nucleus, whereas 16O has zero spin).139,151 These 
splittings and their uncertainty bars, respectively, correspond to the 

Fig. 4 Comparison of experimental, empirical, and variational line lists, up to 
30,000 cm−1, obtained for the H2

16O molecule. The transitions displayed in this figure 
correspond to one-photon dipole- allowed absorption lines, with intensities related to 
296 K. The data behind this figure were taken from Ref. 23, utilizing the first-principles 
results of Ref. 149. 
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averages and the standard deviations of the results produced with multiple 
PESs and basis sets (these estimates proved to be realistic, verified by 
precision-spectroscopy measurements41,58,88,89,91,92). Fig. 5 suggests that 
most of the uncertainties are orders of magnitude smaller than the unsigned 
splittings, due to cancellation in the vibrational errors. However, there can 
be problematic cases, like the yellow dot/bar pair at J = 7 in Fig. 5, where a 
relatively large amount of uncertainty appears in the computed splitting. 
Such occurrences indicate particularly strong resonances among closely- 
spaced interacting states, an issue reducing the accuracy of such perturbed 
energy splittings.

In the fourth age of quantum chemistry,56 there remain several sig
nificant challenges which need to be overcome to advance computational 
spectroscopy further: (a) construction of fully global and accurate PESs for 
many-electron systems, without reliance on empirical refinements 
(at present, the prospects appear to be somewhat bleak126); (b) use of 
machine learned PESs144,152 instead of those fitted with a given functional 
form; (c) performing converged variational nuclear-motion computations 

Fig. 5 Variationally computed (v1 v2 v3)JJ,0∕1 splittings, up to J = 10, for various 
vibrational bands of H2

16O (see Sec. 5.1 for the rovibrational labeling convention). The 
points corresponding to the splitting values are related to the left vertical axis, while 
the bars illustrating the splitting uncertainties are plotted on the right vertical axis (for 
the numerical results behind this figure, see Ref. 58). The vibrational states are dis
tinguished by their colors given in the top right corner of this figure. For splittings 
with dots, the Kc = 0 energy is higher than its Kc = 1 pair, while for those with squares, 
the converse relation is satisfied. 
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close to (just below and above) the dissociation asymptotes for polyatomics; 
(d) handling of nonadiabaticity and post-Born–Oppenheinmer effects, as 
well as cases with multiple surfaces; and (e) effective extension of accurate 
nuclear-motion computations to higher dimensions and excitations.

5. Resolving complex spectral issues

The previous sections were mostly devoted to the description of the 
individual strengths and weaknesses characterizing experimental, empirical, 
and computational spectroscopic results, which can be used during the 
interpretation of high-resolution molecular spectra. The weaknesses 
mentioned mean that line lists available at present in the literature contain 
an unidentified number of problems, which usually surface when new 
measurement results become available. It is our strong belief that the 
detective work leading to the realization of these problems and the 
eventual solution of the issues uncovered require the joint utilization of all 
available information. After some preliminary remarks, a couple of specific 
spectral problems will be presented with feasible solutions, demonstrating 
the utility of the joint approach advocated.

5.1 Preliminary remarks
The data behind the examples provided in the upcoming Sec. 5.2 concern 
the parent water isotopologue, H2

16O, and come from our recent W2024 
investigation23,60 of its rovibrational spectra. To begin with, we introduce 
the conventions necessary to understand these examples and their spectral 
illustrations (Figs. 6–13).

In what follows, a number of spectroscopic data sources will be 
referenced in the form of so-called tags. Adopting a convention defined 
in Ref. 36, a tag is formed by the last two digits of the publication year, 
followed by the first two characters of the authors’ surnames up to the 
first four authors (for “special” references, like one-author sources and 
those with ambiguous tags, our established convention contains further 
rules, but they are not relevant here).

The (rovibrational) states of H2
16O are labeled as v v v J( ) K K1 2 3 ,a c

, where 
v1, v2, and v3 are the normal-mode quantum numbers of the symmetric 
stretch, bend, and antisymmetric stretch motions, respectively, J is the overall 
rotational quantum number, while Ka and Kc symbolize the traditional 
prolate- and oblate-top rotational quantum numbers, respectively.119,120,153
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Moreover, v v v J v v v J( ) ( )K K K K1 2 3 , 1 2 3 ,a c a c
designates a rovibrational 

transition, where ′ and ″ distinguish between its upper and lower states, 
respectively.153 When two transitions share the same upper state, they will be 
referred to as a Λ pair. If two or more lines are closer to each other than can 
be resolved by a specific experiment, they form what will be called an 
unresolved multiplet (a multiplet of two transitions will be simply termed a 
doublet).

The para/ortho states of H2
16O, specified by ( 1) 1/ 1v K Ka c3 = ++ + , 

pertain to its two nuclear-spin isomers. Since symmetry forbids ortho ↔ para 
transitions,139,154 these lines possess extremely low one-photon absorption 
intensities, which so far has prevented their observation in experimental 
high-resolution spectra. If two states differ solely in either their Ka or Kc 

values, they will be considered an ortho–para pair. When U1/U2 and L1/L2 

mean ortho–para state pairs, the transitions U1 ← L1 and U2 ← L2 will be 
handled as ortho–para complements of each other, where U/L refers to 
upper/lower state.

In our spectral analyses, the experimental line positions/intensities will 
be compared to their predicted counterparts. The predicted intensities will 
be taken from HITRAN,4 whereas the wavenumber predictions will be 
obtained from combination-difference (CD) relations. For a transition pair 
indexed with (i, j), two forms of CDs will be used as wavenumber pre
dictions: 

E E ,j i i j
pred

low( ) low( )= + (1) 

if (i, j) represents a Λ pair, or 

,j i ij
pred pred= (2) 

when an accurate relative position, ij
pred, is available for the (i, j) pair. In 

these formulas, (a) the σi value is obtained from experiment, (b) the lower- 
state energies, Elow(i) and Elow(j), come from the W2024 energy list,23,60

while (c) the ij
pred value is expressed as 

d dij ij ij
pred

,= (3) 

where the (signed) splitting of the upper/lower states, d d/ij ij , is derived 

from variational BT2155 and/or POKAZATEL149 energies (see also Eq. (3)
of Ref. 23). As emphasized in Sec. 4, under favorable conditions these 
variational energy splittings may have high accuracy, and their uncertainties 
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can be estimated through differences between the BT2 and POKAZATEL 
results (as a reasonable uncertainty estimator, see Eq. (4) of Ref. 23).

Next, the extensive set of rules applied during the construction of the 
spectral illustrations, Figs. 6–13, is discussed. In these figures, the pri
mary/secondary issues are presented with red/yellow boxes, supplied 
with red/yellow comments. The other colors indicate rovibrational 
assignments, POKAZATEL line separations (i.e., unsigned relative 
positions), and peaks modeled via Voigt profiles. These spectral profiles 
utilized (a) the positions/intensities of the observed peaks, whose sources 
are given by the colors of the simulated profiles, (b) the 296 K Doppler 
half width as Gaussian width, and (c) 800 kHz156 as Lorentzian width. 
The peaks studied are distinguished with unique identifiers, Pn 
(n = 1, 2, 3, …), whose colors are matched with the most reasonable peak 
assignments. The vertical axis of each spectral figure represents the 
intensity on a logarithmic scale, whereas the horizontal axis shows the 
experimental transition wavenumbers as axis values, often with several 
axis breaks.

To aid the comparison of different spectral interpretations, sticks linked 
with symbols are used. For a particular stick, (a) its color corresponds to a 
rovibrational assignment, (b) its height means a HITRAN intensity scaled 
with terrestrial abundance, (c) its position represents a measured or a 
CD-predicted wavenumber, depending on whether its symbol is filled or 
empty, respectively, (d) the shape of its symbol specifies the data source 
delivering its position (directly or via CD relations). When, for example, 
the wavenumber of transition t1 is predicted from that of t2, this is desig
nated with a dash-dotted arrow, whereby the shaft and the head inherit the 
colors of t1 and t2, respectively. Finally, note that (a) a bi-colored dashed 
marker joins two transitions attached with a POKAZATEL separation, (b) 
a skew dotted arrow signifies an experimental upper-state energy correc
tion, and (c) the assignments of some line pairs are given in the same row 
with slashes for compactness.

5.2 Selected examples
In this subsection, seven problems with the interpretation of spectral fea
tures, given in Figs. 6–13, are discussed and resolved. The examples chosen 
involve low-intensity (S  < 10−26 cm molecule−1) transitions measured 
with cavity ring-down spectroscopy (CRDS) setups67,157–159 in the near- 
infrared and visible regions. In this wavenumber and intensity regime, the 
H2

16O lines are rather densely spaced, aggravating their correct 
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interpretation, especially when (a) a line is not part of measured cycles, (b) 
there are contaminant components yielding “foreign” transitions in the 
sample, and (c) sometimes the theoretical intensities are of insufficient 
accuracy.160,161 Nevertheless, as presented below, the application of 
accurate BT2/POKAZATEL relative positions helps to choose the best 
spectral interpretations even in complicated cases.

5.2.1 Incompatible Λ pair
Fig. 6 presents a case where two sources of experimental transitions pub
lished by the same authors, 21VaMiCa157 and 22VaMiCa,158 are in conflict 
with each other through a Λ pair formed by the blue and magenta tran
sitions. The intensity and the position of the magenta ortho line, under peak 
P2, can be confirmed straightforwardly: the position is fully supported by 
the olive POKAZATEL separation from its brown para counterpart. 
Hence, the issue is with the blue line under P3. This apparent conflict can 
be reconciled by assigning the green transition of Fig. 6, instead of the blue 
one, to peak P3. Then the remaining question is why there is no line 
reported in 22VaMiCa158 on the left-hand side of P3, where the magenta 
transition predicts the blue one. A personal communication162 suggests that 

Fig. 6 An incompatible Λ pair, with line positions utilizing from data sources 
21VaMiCa,157 22VaMiCa,158 and W2024.23,60
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the blue line is indeed at 13,183.286 cm−1 in the spectrum, whose position 
has not been reported in the source 22VaMiCa.

5.2.2 Misinterpreted foreign peak
As seen in Fig. 7, a recent source, 23KoMiKaCa,159 interprets the peak P6 
as an unresolved (dark cyan) doublet of a HD16O (cyan) and a H2

16O 
(green) line. In fact, this interpretation was inherited from 15CaMi
LoKa,165 where the (0 5 1)51,5 energy, using an emission line of 
05CoBeCaCo,163 was adopted from the Ref. 38. While the position of 
peak P6 agrees within 2 × 10−4 cm−1 in 15CaMiLoKa and 23KoMiKaCa, 
its intensity is four times higher in 15CaMiLoKa than in 23KoMiKaCa. 
The intensity discrepancy between the two sources must be due to a 
perturbing 14NH3 line, blue-shifted by 0.04 cm−1 from P6, whose intensity 
is 18 times larger in 15CaMiLoKa than in 23KoMiKaCa, and 37 times 
greater than the 23KoMiKaCa intensity of peak P6. Relying on the per
turbed 15CaMiLoKa intensity of peak P6, it seemed reasonable that P6 
also covers the green transition.

Fig. 7 Misinterpreted foreign peak (P6). The data sources of the transition wave
numbers are 05CoBeCaCo,163 06MaNaKaBy,164 TG2010,37 TG2013,38 W2020,42 and 
23KoMiKaCa,159 whereby “TG” means that the results were generated by an IUPAC 
task group on “A Database of Water Transitions from Experiment and Theory” (Project 
No. 2004–035-1–100).  
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Nevertheless, considering the 23KoMiKaCa intensity of peak P6, as 
well as the magenta (P4) and green (P5) predictions deduced from two 
well-resolved 06MaNaKaBy164 lines around 11,350 cm−1, the situation 
changes significantly. As the difference of the two 06MaNaKaBy predic
tions is entirely corroborated by the POKAZATEL-based line separation, 
this suggests that the green H2

16O transition is not under peak P6 but 
under peak P5. Furthermore, placing just the cyan HD16O line under peak 
P6 also resolves the anomaly between the observed and the reference 
HITRAN intensities: their relative deviation reduces to 33 %.

5.2.3 Erroneous assignment of an ortho–para doublet
Fig. 8 depicts the case of a well isolated, but misassigned doublet of an ortho 
(magenta) and a para (brown) line pair. The source 21VaMiCa157 links the 
brown line to peak P7, whose position disagrees with the corresponding 
POKAZATEL separation. To reconcile the problem, the brown line 
should be placed under peak P8, a blue-shifted peak which was left 
unassigned in 21VaMiCa.157 With this alternative choice, the upper-state 
splitting determined from these lines will have an appropriate sign and 
magnitude (see the upper-right corner of Fig. 8). One can assign P7, as 
well, using the green line with a consistent HITRAN intensity.

Fig. 8 Erroneous assignment for an ortho–para doublet of H2
16O. The data sources of 

the transition wavenumbers and energy-level splittings are BT2,155 POKAZATEL,149

21VaMiCa,157 and W2024.23,60
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5.2.4 Unrecognized perturbing line
The case displayed in Fig. 9 involves five transitions, three of which are 
associated with the same upper state. For the wavenumbers of these three 
lines, the W2020-H2

16O dataset42 contains empirical estimates, which 
were derived from the P12 position given in 08CaMiLi.166 Subsequently, 
the first two authors of 08CaMiLi166 published another paper, 
21VaMiCa,157 in which they claimed that they had corrected the W2020 
wavenumber of the green transition by ≈ 0.02 cm−1, thereby correcting the 
W2020 upper-state energy of this line. It was not mentioned in 
21VaMiCa, however, that this large shift was induced by the P12 peak of 
their older source, 08CaMiLi.166 In spite of this sizable energy shift, the 
uncorrected W2020 wavenumber was still listed in 22VaMiCa158 as a 
recommended position for the magenta transition. Obviously, the magenta 
line must be near the center of the P11 peak, almost fully coinciding with 
the more intense brown transition. In their latest study,167 the authors 
recognized this issue and eliminated the incorrect prediction, 
13,396.4275 cm−1, from their recommended line list. The reason behind 
the inaccuracy of peak P12 can be the presence of a close (cyan) transition 
in the spectrum, which is supported by a reanalysis of peak P12.162

Refitting P12 as a line doublet yields 13,444.202 and 13,444.251 cm−1 for 

Fig. 9 Unrecognized perturbing line. The data sources employed are 08CaMiLi,166

W2020,42 21VaMiCa,157 and 22VaMiCa.158
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the positions of the blue and cyan transitions, respectively,162 in fairly good 
agreement with their predicted wavenumbers.

5.2.5 Confused nearby lines
Fig. 10 demonstrates a problem related to two nearby peaks, P15 and P16. 
In the interpretation given by 22VaMiCa,158 P15 covers the blue and the 
cyan lines as an unresolved (dark cyan) doublet, while only the green 
transition resides under P16. Position of the green line is endorsed by the 
brown/magenta pair under P13/P14. To comply with the POKAZATEL 
relative position of the cyan/blue pair, the blue transition should be at 
roughly + 0.049 cm−1 away from the cyan one. Thus, P15 is not a cyan/ 
blue doublet, as its blue line must be under P16.

5.2.6 Misuse of first-principles data
Fig. 11 illustrates how a first-principles Λ pair can be misused, as exem
plified by peaks P17 and P18 assigned in 21VaMiCa157 and 22VaMiCa,158

respectively. 21VaMiCa tied the brown POKAZATEL line to P17, 
imposing a correction of around + 0.2 cm−1 on its position and hence on 
its upper-state energy. To remain consistent, the same correction should 
have been applied to the blue POKAZATEL transition. This indicates that 
if the brown line is around P17, the blue transition (triangle) cannot be 

Fig. 10 Confused nearby lines. The data sources utilized are POKAZATEL,149

21VaMiCa,157 22VaMiCa,158 and W2024.23,60
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near peak P18. In contrast, the “phantom” blue line at P18 has been 
attached to P18 in 22VaMiCa,158 although not with the same upper-state 
vibrational parent as that of the brown transition. However, P18 has 
nothing to do with the blue line, leaving only the cyan one under P18.

If peak P17 was indeed due to the brown line, there should be a hint of 
the blue transition, shifted away by + 0.03 cm−1 from P19, but this 
additional peak is absent from the measured spectrum.162 There exists, 
however, an unreported peak,162 shifted away by –0.03 cm−1 from P17 
with appropriate intensity, which proves that the blue transition is located 
at peak P19. In this case, the green line cannot be at P19, because the blue/ 
green doublet intensity is incompatible with the observed value, as well as 
with the first-principles relative position of the violet/green doublet dis
played separately in Fig. 12. For peak P17 of Fig. 11, no reasonable 
assignment could be found.

5.2.7 Systematic misassignment
Fig. 13 documents a complex assignment conflict, affecting three peaks 
with very similar position and intensity, namely P23, P24, and P25. In this 
example, it was quite difficult to uncover the relationships among the 
mislabelled lines. In the end, it became clear that one can compose three 

Fig. 11 Misuse of first-principles data. The data sources used are POKAZATEL,149

21VaMiCa,157 22VaMiCa,158 and W2024.23,60
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transition pairs, that is brown–green, cyan–blue, and apricot–magenta pairs, 
whose second members yield the correct assignments for peaks P23–P25. 
The separations of the resulting pairs are reproduced quite well, within 
0.01 cm−1, by first-principles (POKAZATEL) predictions.

Fig. 12 Auxiliary figure to Fig. 11. The data sources applied are BT2,155 POKAZATEL,149

22VaMiCa,158 and W2024.23,60

Fig. 13 Systematic misassignment. The data sources employed are 05KaMaNaCa,67

22VaMiCa,158 and W2024.23,60
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6. Summary and recommendations

Based on the past and present situation of the field of high-resolution 
(and precision) spectroscopy, a number of recommendations can be formulated 
helping to minimize the extent of data conflicts when experimental, empirical, 
and computed data, separately considered to be dependable, are available. It is 
suggested that if these recommendations were followed by workers in the field 
more or less closely, the most striking conflicts among the different data would 
disappear or could be handled and knowledge generation concerning complex 
spectra of molecules would become significantly more streamlined.

First, we must stress that the quality, the accuracy, and the utility of data 
from the three types of data sources (experimental, empirical, and com
putational) can only be compared in a meaningful way if all the data and 
the associated codes used for their determination become publicly available 
to all those who desire to perform such comparisons. Thus, a perhaps 
simple, but admittedly hard to follow, recommendation is that the FAIR 
(findable, accessible, interoperable, reusable) principle168 must be followed 
in spectroscopic studies. Unfortunately, this principle has rarely been 
applied in its full sense in high-resolution molecular spectroscopy, causing a 
number of issues, some mentioned in Secs. 2 and 5. Compliance with the 
FAIR principle should be checked, as closely as possible, by editors of 
journals publishing the results of such studies.

In the past, providers of high-resolution spectroscopic data may not have 
been able or willing to share their actual spectra, just their representation via a 
limited number of spectroscopic (mostly effective Hamiltonian) parameters 
(see Sec. 3). Under these circumstances, these usually high-quality data 
should be considered to be “lost” to the community,169 in particular to 
database builders and users. Consequently, our second recommendation is 
that full information about the lines and, whenever feasible, perhaps even the 
experimental spectra with proper metadata, should be published and made 
available to interested readers, like it has been done recently for two H16OCl 
isotopologues.44 Besides open access to experimental recordings of spectra 
and the related metadata, in many cases detailed information concerning the 
best spectral fits might also prove helpful. This would require to make the 
fitting codes available, as it was done with SPFIT170 and PGOPHER171

(needless to say, the accompanying input files used to run these codes can 
also be highly valuable).

When reporting measured rovibrational lines, all of the spectral para
meters, including positions, intensities, widths, and shifts, should be 

28                                                   Roland Tóbiás, Tibor Furtenbacher and Attila G. Császár 



supplemented with conservative individual uncertainties. Knowing these 
uncertainties is extremely important, as measured spectra depend critically 
on a number of conditions, including composition, pressure, and tem
perature. Estimating reasonable individual uncertainties is a task most suited 
for experimentalists publishing measured lines; thus, this is our third 
recommendation. If providing line-by-line uncertainties is not feasible for 
some reason, at least transitions having uncertainties significantly worse 
than the average should be clearly indicated. Reporting only best-case 
uncertainties, with little or no indication as to which lines they apply to, 
cannot be regarded as a good practice. In many publications where indi
vidual uncertainties are not given, the authors provide observed – calcu
lated (EH) values, which could indicate a problem with the measured line 
position. Unfortunately, without detailed information about the spectrum 
and the fitting, it is difficult to determine whether the calculated or the 
measured line position is incorrect.

It happens, more often than desirable, that the same experimentalists, 
over years of valuable studies, introduce new experimental datasets, which 
often contain improved estimates for their previous experimental results. 
This is highly useful and desirable, except when the old records remain 
uncorrected and there are unmentioned conflicts between the old and the 
new measurement results. It could be difficult to trace such hidden pro
blems, especially when the measured spectra, the spectral parameters, or the 
line-profile fits are unavailable. Thus, our fourth recommendation is that 
when reporting their new results, with most likely improved resolution and 
better accuracy, experimentalists should go over their old results and point 
out, one by one, all conflicts. Of particular concern is that through a 
spectroscopic-network approach all measurement results become con
nected and the new measurements may affect line parameters in regions 
outside of the actual measurements.

Efficient treatment of tens if not hundreds of thousands of spectral features, 
leading to self-consistent databases, is an important and extremely timely 
problem of today’s high-resolution (and precision) spectroscopy. Accurate and 
self-consistent datasets are demanded by developers and users of spectroscopic 
information systems, like HITRAN4 and ExoMol.8 The reliability of the end 
results yielded by empirical methods, like the entries of the (C)W2024 data
base,23 critically depend on the correct interpretation of the underlying 
(“input”) experimental data. This is especially true when the input data come 
from many different sources, measurement techniques, and research groups. 
Incorrect assignments and/or underestimated initial uncertainties may have a 
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significant distortion effect on the empirical energies derived and the line 
positions predicted, hindering their utilization in modeling studies. The 
MARVEL code, which is accessible in an online form on the MARVE
LOnline webpage, may assist the work of both data providers and database 
builders when their goal is to detect and resolve consistency problems.

As evident from this study, as well as from many similar ones, both 
experimental and computational spectroscopists must be careful when 
comparing their results of vastly different virtues and weaknesses. For 
instance, if the experimental data and metadata, including the measurement 
conditions and the uncertainties of the line parameters are not shared in 
full, one cannot expect that database builders will be able to pick the best 
measurement(s). While experiments can easily produce data with an 
accuracy exceeding those of first-principles computed results by several 
orders of magnitude, only theory can come up with an exhaustive, pre
ferably complete, list of transitions under the given experimental con
straints. Thus, it is particularly important and advisable to match the 
measured lines with their computed/empirical counterparts. It would also 
be highly useful if such comparisons would result in a common set of 
standardized interpretations, assignments and labels, for the lines, accepted 
and followed by the community, guiding future, ever more accurate 
experimental, empirical, and computational studies.

As to theory, it is important to provide access to both the codes and 
the associated data and metadata, such as potential energy and property 
(e.g., dipole moment) surfaces, upon which the simulation of a spectrum 
is based. The computations performed should be fully specified; for 
example, it is not uncommon for papers to omit stating whether atomic 
or nuclear masses have been used during the solution of the nuclear 
Schrödinger equation (resulting in particularly large differences for 
molecules containing light elements, most importantly hydrogen). There 
exists, in the atomic and molecular physics community, an almost decade- 
old recommendation172 that computed data, claimed to be “accurate”, 
should include uncertainty quantification. Thus, the results of accurate 
first-principles computations of rovibronic energy levels and spectra 
should be accompanied by uncertainty estimates based on an as complete 
uncertainty budget as feasible. As shown repeatedly, there is considerable 
need for highly accurate estimates of energy splittings of close-lying 
rovibrational states, whose uncertainties could be obtained, for example, 
through the use of various basis sets and potential energy surfaces, upon 
which the precision and the accuracy of the results coming from the 
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solution of the nuclear Schrödinger equation are based.41,58 Similar 
arguments hold for the computation of Einstein-A coefficients and the 
related transition intensities.173

It is the sincere hope of the authors that the above recommendations 
will be considered by all parties, sparking a renewed conversation among 
experimental spectroscopists, designers of empirical treatments, theoreti
cians computing high-resolution spectra, and developers of spectroscopic 
information systems. Such conversations would be definitely advantageous 
for all those involved and for the scientific and engineering communities 
relying on accurate spectroscopic information.
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