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ARTICLE INFO ABSTRACT

Keywords: Due to the very large number of experimental, empirical, and computational studies addressing the rovibra-
Rovibrational transitions tional transitions and the underlying energy levels of the main isotopologue, H,'°O, of the water molecule,
D“i}'mmb spectroscopy the room-temperature coverage offered by the canonical line-by-line spectroscopic database HITRAN2020 is
H,'60

almost complete, 99.87%, up to 6600 cm~!. This study provides a detailed comparison of two recent datasets,
one with measured line positions and intensities, obtained using a dual-comb spectrometer (DCS), from 6600
to 7500 cm~! at temperatures up to 1300 K (neglecting the experimentally covered region of 7500-7650
cm~! with noisy spectral features), and the other a composite empirical line list, called CW2024, covering
the spectrum from the microwave to the ultraviolet. The aim has been the mutual validation of the two
datasets, correction of possible errors in both of them, and providing additional validated experimental data
for inclusion in line-by-line databases. At the end, 5419 transitions from the DCS measurement database were
investigated with respect to those in the CW2024 line list, with the majority of the lines falling within the
respective individual uncertainties of the two datasets. Using the composite empirical CW2024 database as a
reference, 423 assignments were made for a subset of the 616 lines measured at high temperatures which are
not part of HITRAN2020. Thus, in the region 6600-7500 cm™! all but seven transitions, with intensities above a
room-temperature cutoff of 1x10~2% ¢cm molecule~!, have become experimentally known. In the Supplementary
Material to this paper, an updated DCS database is provided, showcasing the improvements described in the

Line positions
CW2024 line list
Empirical energy levels

article.
1. Introduction However, for the overly important case of water isotopologues [1,3],
for the sake of completeness and in response to the large number of
Detailed knowledge of the many characteristics of the rovibrational related experimental studies, HITRAN2020 already contains quite a few
spectra of water vapour, from the microwave to the ultraviolet, in transitions which have minuscule one-photon absorption intensities at
widely different environments and conditions, including variations in room temperature, down to 1073° cm molecule™!, and even below at
temperature, pressure, and composition, is required in a number of the longest wavelengths. There exists a high-temperature extension of

scientific and engineering fields; see, for example, the introductory HITRAN, called HITEMP [8], that was last updated in 2010. There

sections O.f Refs. [1-3]. Ther'efore, details .about.rovibr'flt.ional. lines are LBL datasets focusing on elevated temperatures from the ExoMol
measured in spectra of water isotopologues, including positions, inten- community [9,10], as well. Improving further the huge number of

sities, lineshapes, self and foreign broadenings and shifts, mostly as a entries in the HITRAN2020 water dataset, and eventually those of a
function of temperature and pressure, have been collected in a number . . . L

of line-by-line (LBL) databases, including HITRAN [4], GEISA [5] future iteration of HITEMP, has been an ongoing project in a number
ReS ec:l"g] _[ 61, and JPL [7] Th’e resent gversion of the’most wi del, of research laboratories around the world. Such advancements usually
useé’ LBL spec;roscopic datal;ase wFi)th more than 32 000 users, is calleg require joint experimental, empirical, theoretical, and computational
HITRAN2020 [2]. When ju dging, the coverage offered by HITI’{AN2020 efforts [11], especially for a molecule so thoroughly studied by all
for water isotopologues, one must take into account that the original feasible approaches as wz'iter. L .

purpose of the HITRAN database was to cover and characterize transi- Recently, th‘_e groups involved mn t}Tls project, UCB, ELTE, and JPL
tions governing the radiative balance of (relatively) cold atmospheres. (see author affiliations for abbreviations), reported complementary
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results related to the spectroscopy of the parent water isotopologue,
H,'°0. The UCB team, using a dual-comb spectrometer (DCS), ob-
served a large number of rovibrational spectra, spanning the extended
wavenumber range of 6600-7650 cm™! [12]. They extracted from the
spectra, with the help of elaborate, mostly multicomponent fittings, a
large number of spectral parameters, including line centre positions and
line intensities. During this study, the emphasis was not on the accuracy
of the line positions deduced, but rather on line shapes and line
broadenings as a function of temperature (the highest temperature at
which spectra were recorded was 1300 K). To assign the spectral lines,
the positions were taken mainly from the HITRAN2020 database [2].
At approximately the same time, the ELTE team completed an analysis
of all the measured rovibrational spectra of H2160 [13], based on
the MARVEL (Measured Active Rotational-Vibrational Energy Levels)
[14-17] procedure. This analysis produced an extensive set of vali-
dated rovibrational transitions and empirical energy levels, both are
referred to as W2024 [13]. W2024 updated the previous set of water
spectroscopic data called W2020 [18,19], which in fact (a) was the
successor of the IUPAC compilation of water (in particular, H2‘60)
data [3,20-23], and (b) formed one of the main sources upon which
the line positions of HITRAN2020 [2] were based. In the same paper,
the ELTE team published an extensive room-temperature Hsz line
list called CW2024. Most of the CW2024 lines are predicted from
accurate empirical (W2024) rovibrational energy levels; thus, they have
the usual experimental accuracy of better than about 0.005 cm™!,
certainly comparable to or even better than the accuracy of the UCB
measurements. In Ref. [13], the W2024 rovibrational energies and the
corresponding CW2024 transitions were compared with entries of HI-
TRAN2020 [2], clearly supporting each other, save a few cases, where
not enough experimental data are available, hindering a MARVEL-type
global empirical analysis.

The coverage of the rovibrational transitions of HZIGO provided
by HITRAN2020 [2], when compared to a complete first-principles
computed line list, depends heavily on the chosen one-photon absorp-
tion intensity cutoff [24]. Most importantly, with a cut-off value of
1x 10728 ¢m molecule~! at room temperature, the coverage for H,'°0
in the interval 6600-7650 cm™! is almost 100%; there are just a small
number of missing transitions (of course, with a cut-off value lowered
to 1 x 1073 ¢cm molecule™!, many more transitions are missing from
HITRAN2020, but they are less relevant, as these lines are basically
invisible at room temperature, though certainly not at the higher
temperatures of the DCS measurements, vide infra). The extensive set
of higher-temperature DCS measurements [12], supplemented by the
emission measurements [25] at 1943 K performed between 6600 and
7050 cm~!, offers the chance to increase the coverage provided by
HITRAN2020 in this region. Note that assuming room temperature
and an intensity cutoff of 1 x 10728 cm molecule™!, HITRAN2020 has
a coverage of 99.87% for atmospherically relevant transitions with
wavenumbers lower than 6600 cm™!.

The principal aim of this study has been a detailed comparison of
the spectroscopic data of Refs. [12] and [13], of experimental and
empirical origin, respectively, the hope being the identification and
rectification of incorrect line-position entries in the two datasets. Most
importantly, a detailed comparison of the experimental rovibrational
transitions reported in Ref. [12], between 6600 and 7650 cm™!, with
the corresponding entries of the CW2024 list [13] confirmed the cor-
rectness of the great majority of the observed and fitted transitions,
both in position and in intensity. In fact, for about 75% of the tran-
sitions a perfect match, within the uncertainties, was found between
the wavenumbers of HITRAN2020, CW2024, and 24EgSyCoDr (this is
how we will refer to Ref. [12] from now on, following the convention
introduced in Ref. [20] about tagging published papers for MARVEL-
type global empirical analyses). Just as important from the perspective
of this article, a total of 616 newly measured lines were published
in the Supplementary Material to Ref. [12], which were claimed not
to be part of, not “catalogued” in the HITRAN2020 database [2]. A
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particularly important aim of the joint project of the three teams was
thus the confirmation of as many uncatalogued lines as feasible, so
that they can be recommended, with full confidence and complete
assignment, for inclusion in spectroscopic databases of water as vali-
dated, measured transitions. For many of these lines, that only appear
in the measured data at one (high) temperature, 24EgSyCoDr [12]
reported a placeholder lower energy, E”, of 5000 cm~! (since both
E" and the intensity cannot be determined from a measurement at a
single temperature). Here we were able to add meaningful E” values
based on the CW2024 line list and enable the calculation of informed
intensities based on those E” values. All higher intensity lines missing
from HITRAN2020 were also expected to be identified as measured
data, increasing the coverage even closer to 100% for the atmospher-
ically relevant transitions up to 7500 cm~!. As a side product, the
detailed comparison of the 24EgSyCoDr, CW2024, and HITRAN2020
data resulted in several useful and general observations, which we
decided to present and advocate here. These findings and the related
recommendations go beyond the actual spectroscopic data of H2'6O, as
they should help future comparisons of experimental, empirical, and
computed spectroscopic data.

2. Methodological details
2.1. Measurement conditions and data

Measurements presented in Ref. [12] used a dual-comb spectrom-
eter capable of simultaneously covering the wide region of 6600 —
7650 cm~! with low frequency-axis uncertainty. Historically, broadband
measurements have required a thermal light source to illuminate the
sample, complicating efforts to measure high-temperature gases, where
the surrounding optics and equipment also emit strong thermal radi-
ation. Laser spectrometers provide an intense, collimated, and often
modulated light source to measure gas absorption at high temperatures.
DCS is an emerging technique that is well suited for high-temperature,
database-oriented spectroscopic studies, combining the high intensity
of laser sources with a bandwidth of 1000 cm™'.

Summarizing Ref. [12], 29 transmission measurements of pure wa-
ter were collected at conditions ranging from 300 to 1300 K and 0.5
to 16 Torr (near saturation) over a 91.4 cm pathlength, double-passed
through a 45.7 cm quartz spectroscopy cell. The spectroscopy cell was
placed in the middle of a 100 cm three-zone furnace with refrac-
tory baffles to reduce the temperature variation, resulting in a maxi-
mum temperature uncertainty of 1.5% at 1300 K. Likewise, pressure
was carefully monitored during each nominally 60 min measurement,
resulting in a maximum pressure uncertainty of 0.37%.

The 200 MHz repetition rate of the frequency combs in the DCS
exactly sets the optical frequency spacing between the ‘teeth’ of the
spectrometer, and thus provides a spectral point spacing in the recorded
spectrum of 0.0068 cm~!. The repetition rate of both frequency combs
was actively referenced to the GPS time base, resulting in a frequency
uncertainty of 1.7x 10~ ecm~!. Each of the 29 measurements presented
in Ref. [12] is the average of nominally one hour of data collection,
producing an average absorbance noise of 7.4x10~* across the spectrum
for all the conditions measured.

The 1300 K measurement at a pressure of 16 Torr is shown in the
top panel of Fig. 1. The lower panel of Fig. 1 shows a 3 cm~! portion of
the six 16 Torr measurements, representing 0.3% of the total spectral
bandwidth measured. The upper and the lower plots contain the same
data, but with different vertical axis scaling. The scaling of the upper
plot emphasizes the strong transitions in this region, while the zoomed
vertical axis of the lower plot shows the dozens of weak transitions
in the region, many of which are only visible at higher temperatures.
The bulk of the discussion in this work focuses on these weak high-
temperature transitions, many of which are experimentally reported
for the first time. For additional information about the spectroscopic
measurements, see Ref. [12].
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Fig. 1. Top panel: A sample of the measured spectra from Ref. [12], measured at a temperature of 1300 K and a pressure of 16 Torr. Bottom panel: Highlights of the large
number of transitions measured, many of which are only visible at the highest temperatures.

In total, 4803 newly measured line centre positions were provided
in the supplemental data of 24EgSyCoDr [12], with line assignments
taken from the HITRAN2020 database, with reported standard uncer-
tainties corresponding to a 16 bound. Additionally, 616 measured lines
that did not have a clear assignment in the HITRAN2020 database, the
reference used by 24EgSyCoDr, were added to the reported database.
Most of these lines correspond to transitions with high lower-state
energies that are only visible at elevated temperatures, including some
observed only at a single temperature, such as those shown in Fig. 1. In
addition to measuring line centre positions and line strengths, relevant
for the present study, self-widths, shifts, and line-shape parameters
were also reported for thousands of spectral lines in Ref. [12], along
with the temperature dependence of many self-widths and shifts.

Labelling of the water lines, here as well as in HITRAN2020, is based
on the standard rigid-rotor—harmonic-oscillator picture [26]. Thus, the
quantum states of H2'6O are denoted as (v, v, v3)[J K, K], where v,
and v; are vibrational normal-mode quantum numbers characterizing
the symmetric and antisymmetric stretches, v, corresponds to the bend-
ing motion of the molecule, J is the exact rotational quantum number,
and K, and K, are the standard [27] approximate asymmetric-top
rotational quantum numbers.

2.2. Multispectrum fitting

In Ref. [12], Egbert et al. employed a multispectrum fitting routine
(MSFR), developed by Benner et al. [28,29] and extended with a graph-
ical user interface by Drouin et al. [30], to fit the thousands of transi-
tions measured across the 29 temperature and pressure combinations.
This technique uses information from all measurements simultaneously
to extract the best fit spectral parameters across all conditions mea-
sured. In 24EgSyCoDr [12], we first fit parameters for strong lines with
large residual errors between the measurement and the model, aiming
to avoid interference with smaller, neighbouring transitions (e.g., strong
absorptions impacted by the lack of temperature dependence values for
collisional widths in this region of the HITRAN2020 database for H,O
absorption). Transitions not present in the data were then added to the
line list as needed.

After these initial steps, an incremental fitting approach was used to
determine further spectroscopic parameters. Beginning with intensity,
line centres, widths, and finally shifts, the MSFR was used to determine
spectral parameters for all lines above the noise floor in a given spectral
region. If parameters for a line could be measured to within a specified

statistical fit uncertainty (see Ref. [12]), these values were retained and
an attempt was made to fit additional parameters. If the uncertainty
of the most-recently fit parameter exceeded the specified uncertainty
threshold, that parameter was not retained in the updated line list or
reported in Ref. [12].

The standard uncertainty values for the database of Ref. [12] were
calculated by quadrature addition of the statistical fit uncertainty re-
ported by MSFR (unique for each transition) and measurement-wide
uncertainties, including temperature (instrument, spatial, and tempo-
ral), pressure (instrument and temporal), and spectrometer wavenum-
ber uncertainties. For weak lines in particular, the total uncertainty
is dominated by the reported MSFR statistical fit value. As observed
during comparisons with the CW2024 and MARVEL results, MSFR
uncertainties obtained by the Benner et al. algorithm [28] for weak
lines, especially those in the wings of larger transitions, appear to be
too small.

During MSFR, the fourfold variation in the measured temperature
presented unique challenges and provided clear opportunities. These
are highlighted in the treatment of the 616 uncatalogued transition
lines published in the Supplementary Material of Ref. [12], but affect
all weaker measured lines presented in Ref. [12].

For the newly measured transitions observed only at a single tem-
perature, it is not possible to infer both the lower state energy and
the intensity from the measurement alone. The lower state energy
informs how the population of the energy level, measured through
the intensity of the line, will change as a function of temperature.
When a line is only observed at one temperature, the measured in-
tensity is inextricably coupled to the assumed lower-state energy. In
Ref. [12], the authors used a placeholder lower-state energy, E"” =
5000 cm~!, to provide an anchor for quantifying an intensity value
from the measurement. This assumption provided good agreement
with the values measured for new transitions that were visible at
multiple temperatures, and for which both lower-state energy and
intensity could be measured. For those lines where E” was fixed at
5000 cm~!, the measured intensity (an assumed strength at 296 K) is
only meaningful in the context of the measurement temperature and
the assumed E”. MARVEL is used in this work to improve upon this
assumption, adding meaningful E” values and enabling the calculation
of informed intensities based on those E” values. Comparable to the
coupled nature of intensity and E” for high-temperature lines, width
and shift parameters for high-temperature transitions are also coupled
to their corresponding temperature dependence values, as discussed in
greater detail in Ref. [12].
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Outside of the challenge of extrapolating parameters away from
the reference temperature (296 K) to the temperature where that
transition was observed (up to 1300 K), the measurements presented in
24EgSyCoDr [12] have the unique advantage of being able to separate
the contributions of different lines by simultaneously leveraging mea-
sured absorption at various temperatures. In the spectral region and
at the conditions measured, many H2160 lines overlap, as observable
in Fig. 1. In these instances, lines corresponding to transitions with
different lower-state energies that might have similar strengths at
one temperature are likely to diverge in strength as the measured
temperature changes, as shown at 6953.1 and 6953.5 cm~! in Fig.
1. Even though the pairs are nearly indistinguishable at 500-700 K,
the transitions diverge dramatically at other measured temperatures.
Access to measurements at six temperatures thus gives additional in-
sight into the relative contributions of transitions with overlapping
absorption contributions.

2.3. MARVEL

The MARVEL algorithm [14,15,17], used for the comparison, global
analysis, and subsequent validation of the experimentally measured
transitions, is based upon the theory of spectroscopic networks (SN)
[16,31]. In an SN, each energy level in a measured and assigned
transition serves as a vertex, while the vertices are interconnected by
the observed transitions, serving as edges.

The large number of experimentally observed transitions of H,'0
allow the creation of a well-connected SN, linking all transitions to
the two roots of the principal components, corresponding to the two
nuclear spin isomers (ortho- and para—HzlﬁO), of the SN [32,33]. The
W2024 dataset contains 19 027 empirical rovibrational energy values,
with individual uncertainties and confidence intervals, whose determi-
nation utilized 309 286 (non-unique) transition wavenumbers, reported
in 189 (almost exclusively experimental) data sources.

The MARVEL protocol was originally set up to detect inconsistencies
among experimentally measured transitions: the simultaneous, global
analysis of the SN allows the user to detect lines that are in conflict with
other data collected from the literature. This feature proves especially
valuable during the identification of issues with experimental data com-
ing from a large number of diverse sources, providing transitions with
uncertainties varying many orders of magnitude. In this study, MARVEL
has been used to validate both the catalogued and the uncatalogued
entries of 24EgSyCoDr [12] (vide infra). At the same time, the lines
identified by Ref. [12] can be used to check the correctness of the
transitions collected during the W2024 study [13], updating the results
of the W2020 analysis [18,19].

2.4. The C(H)W2024 line list

Almost all of the energy levels defining the W2024 list of Ref. [13]
come from the experimental SN forming part of the W2024 database.
The coverage in the rovibrational energy levels is almost complete up
to 9500 cm~!. This statement is based on finding one-to-one corre-
spondences with results of sophisticated first-principles computations,
which by design provide full coverage [34], though the computed
energy levels and transitions are intrinsically significantly less accurate
than their measured counterparts.

Based on (a) the empirical W2024 energies [13], supplemented
with a few computed ones, and (b) first-principles one-photon ab-
sorption intensities, an extensive composite line list, called CW2024,
was published in the same study. The CW2024 dataset was compared
in Ref. [13] to lines in the HITRAN2020 spectroscopic database [2]
and provided important hints about possible improvements of the
HITRAN2020 dataset.

The CW2024 line list helps to verify measured transitions in the
6600-7500 cm™! region investigated in this study; this list is believed
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to be complete down to room-temperature one-photon absorption in-
tensities of 107! c¢m molecule~!. Since Ref. [12] contains transitions
measured at temperatures beyond 1000 K, for the purposes of the
present study we had to extend the CW2024 line list with transitions
that become measurable at these high temperatures. Therefore, all
transitions with an intensity larger than 10~2° ¢cm molecule ! at T =
1100 K were added to the CW2024 line list. The resulting line list is
called here CHW2024, where H indicates that this database contains
hot lines.

3. Results and discussion

The Supplementary Material of Ref. [12] contains 44 083 transitions
corresponding to spectral lines of different water isotopologues, of
which 23120 belong to H,'°0. From the set of H,'°O transitions,
5419 correspond to lines found in the DCS spectra which underwent
MSFR fitting. These transitions can be divided into two categories.
The first set contains 4803 so-called catalogued lines, these are lines
for which the assignment was simply taken from the HITRAN2020
database. The second set, of so-called uncatalogued lines, contains the
remaining 616 transitions. Of these transitions, 576 were strong enough
to be fit by MSFR. The remaining 40 uncatalogued lines were clearly
visible in the measurements, but were too weak to generate a stable
line centre using MSFR. For this subset of lines, a line centre (to the
nearest 0.01 cm~!) was reported without a corresponding uncertainty.
The uncatalogued lines are perhaps the more important ones for the
spectroscopic community. In what follows, first the results obtained
for the catalogued and uncatalogued lines during the present study are
considered, where the discussion is governed by the CHW2024 line list.
This is followed by a presentation of problems with the CHW2024 line
list itself.

The Supplementary Material of this paper contains a file called
25FuEgSuCo.csv. It is basically the same as the Supplementary Material
of Ref. [12], but a second column, called ‘action’, has been added.
If no action was taken on the entry of the Supplementary Material
of Ref. [12], the value given in this column is ‘NONE’. Further ac-
tion categories, such as ‘newly assigned’, ‘reassigned’, ‘refit’, ‘W2024
incompatible’, ‘OK’, and ‘assigned uncat’ are defined in the following
two sections. In addition to the annotated 25FuEgSuCo.csv, we have
included the CHW2024 line list in the Supplementary Material as
CHW2024_6600_7500.txt.

3.1. Measured catalogued line centres in 24EgSyCoDr [12]

Of the 4803 catalogued transitions of Ref. [12], 4770 have full
assignments, while 33 lines have only a partial assignment (typically
one or more quantum numbers with a value of —2 in HITRAN2020).
Of the latter lines, we were able to assign 17 with the help of the
CHW2024 line list (note that for these lines the 24EgSyCoDr [12]
entries usually have higher accuracy than those in the CHW2024 line
list). These lines, with their expanded (two-sigma) uncertainties, can be
found in Table 1 and in the file 25FuEgSuCo.csv of the Supplementary
Material, tagged as ‘newly assigned’. Consideration of these changes
in the assignments is recommended during the next edition of the
HITRAN database.

For the remaining 16 lines, no assignment could be found; thus, we
were able to check 4787 catalogued lines against those in the CHW2024
database. To achieve this, these 4787 lines were added to the MARVEL
input file corresponding to the W2024 database [13]. After executing
several MARVEL runs for this extended dataset, we found conflicts
for several catalogued lines, which differed from the W2024 lines by
significantly more than their stated (expanded) uncertainties. Most of
the problems found could be fixed by following two strategies.

The first technique used was simple reassignment. We found two
particular issues necessitating these reassignments. The first one is
related to ortho-para transition pairs, as in some cases the ortho and
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Table 1
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The 17 newly assigned, measured lines among the “catalogued” ones, which had incomplete assignments in the reference HITRAN2020 database

[2].

24EgSyCoDr [12] position/cm™!

CHW2024 position/cm™!

Assignment

6663.915(4)
6723.531(2)
6745.566(2)
6745.840(4)
6777.7041(8)
6786.28(1)
6879.313(6)
6965.284(4)
6968.868(6)
6969.264(2)
6987.956(4)

6663.915(1)
6723.532(5)
6745.565(3)
6745.841(1)
6777.7044(6)
6786.2867(4)
6879.317(6)
6965.286(6)
6968.868(1)
6969.265(1)
6987.959(5)

6999.723(6) 6999.72(1)
7035.935(4) 7035.93(1)
7078.522(4) 7078.52(2)
7148.51(1) 7148.520(4)
7252.351(6) 7252.33(2)

7359.543(6) 7359.5402(6)

(021)[20317] <« (00 0) [20 5 16]
(121)[16115] « (020)[17 1 16]
(210)[15114] < (01 0) [16 2 15]
(121)[14212] « (020) [15213]
(210)[15015] « (010)[161 16]
(130)[15411] <« (010) [16 3 14]
(200)[1597] < (000)[16 8 8]
(031)[1579] <« (010)[157 8]
(022)[982] «(001)[981]
(200)[1294] <« (000)[1385]
(040)[14105] < (000) [14 11 4]
(101)[1899] « (000)[18910]
(101)[16 10 7] « (0 0 0) [16 10 6]
(002)[1486] < (000)[1495]
(130)[1276] «(010)[1267]
(200)[1697] < (000) [16 8 8]
(210[15015] « (010)[141 14]

100.0 +
99.8 4
.5 99.6 1
w0
k]
£ 99.4
w
[=
o
F 9921 —— 300 K spectrum
—— 1100 K spectrum
99.01 —— 1300 K spectrum
—— 24EgSyCoDr position
=884 —— CHW?2024 position
0.70 0.75 0.80 0.85 0.90 0.95

Wavenumber / cm~1

+6.658e3

Fig. 2. An example for an incorrectly fitted high-temperature 24EgSyCoDr [12] catalogued line, near 6658.785 c¢cm™': instead of the single green line, the two black CWH2024

lines should have been fitted.

para labels were swapped in 24EgSyCoDr [12]. Having access to high-
quality first-principles results, readily available for H2'60 [35], one
can be confident about the proper ordering of these ortho-para tran-
sition pairs [36-40]. Another reason behind the incorrect labels is that
24EgSyCoDr [12] used labels of room-temperature HITRAN2020 transi-
tions even in those cases where, due to the high temperature (7' > 1000
K) at which their lines were recorded, these lines are simply missing
from the HITRAN2020 database. After a careful analysis, we could
reassign 36 of the 24EgSyCoDr catalogued lines. They are tagged as
‘reassigned’ in the file 25FuEgSuCo.csv of the Supplementary Material.

The second, more complicated method involved the refitting of
the problematic transitions. Fig. 2 illustrates a case where refitting
became necessary. In this particular case, in 24EgSyCoDr [12] only
one transition was fitted to the peak at 6658.785 cm~!, but under
the observed peak there should be, as suggested by the CHW2024 line
list, at least two transitions with significant and comparable intensity.
During this particular refitting, it was assumed that there are two
transitions with substantial intensity below the observed peak. As a
result of these refittings, we obtained wavenumbers in good agreement
with the CHW2024 entries. In total, 26 24EgSyCoDr lines were refitted
during this work; they are denoted by the tag ‘refit’ in the file 25FuEg-
SuCo.csv of the Supplementary Material. Adding these refitted lines to
the catalogued lines, we obtain a total of 4801 lines.

At the end, 88 conflicts among the catalogued lines had to be
declared to be unsolvable, based on information presently available.
They are labelled as ‘W2024 incompatible’. It is likely that in the case

of these deleted transitions, the problem is not with the measured line
centre positions, but with the labels assigned to them.

The result of our MARVEL analysis of the W2024 transitions aug-
mented with a set of slightly modified 24EgSyCoDr catalogued transi-
tions can be summarized as follows. In the case of 3530 24EgSyCoDr
catalogued lines, that is for more than 73% of the lines reported in
24EgSyCoDr, the stated experimental uncertainties appear to be perfect
(labelled as ‘OK’ in the file 25FuEgSuCo.csv). For 923 catalogued
lines, the uncertainty had to be increased by a factor of up to 5, and
there were only 217 24EgSyCoDr lines whose uncertainty had to be
increased by a factor between 5 and 10. These lines are generally small
and/or congested by other overlapping absorption, likely resulting in
under-reported statistical uncertainties by the MSFR technique.

3.2. Uncatalogued lines

From the original 616 uncatalogued lines published in the Supple-
mentary Material of Ref. [12], 423 could be assigned straightforwardly;
both the measured line centres and the intensities were found to be in
very good agreement with the CWH2024 results, labelled as ‘assigned
uncat’ in the file 25FuEgSuCo.csv. As to the remaining 193 lines,
we could not come up with feasible labels based on the information
available to us, and have labelled them as ‘unknown in W2024’ in
the file 25FuEgSuCo.csv. In general, these transitions have very small
room-temperature absorption intensities, with a median of 7 x 103!
cm molecule~!, and are only visible at elevated temperatures. Correct
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Table 2
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The 10 lines incorrectly assumed to be uncatalogued in 24EgSyCoDr [12]. The descriptors of the transitions are taken from CW2024 dataset.

All line positions (pos.) are in cm™.

Transition

24EgSyCoDr [12] pos.

CW2024 [13] pos. HITRAN2020 [2] pos.

(101)[16710] -(000)[17 7 11] 6693.491(4)

(012)[919]1-(010)[1028] 6829.34(1)
(140)[5511-(020)([542] 6983.862(4)
(130)[14510]-(010)[14411] 7005.93(2)

(040)[1477]-(000)[14 4 10]
(012)[14213]-(010)[13310]
(210)[1294]-(010)[1285]
(210)[440]1-(010)[515]
(002)[1486] -(000)[1395]
(101)[16710] -(000)[157 9]

7175.653(8)
7212.596(4)
7273.75(3)
7345.43(1)
7416.161(6)
7478.655(3)

6693.357 500
6829.354 800
6983.866 884
7005.909711
7175.664 798
7212.590016

6693.494(1)
6829.3509(4)
6983.858(1)
7005.929(2)
7175.659(2)
7212.597(1)

7273.75(1) 7273.746 842
7345.4360(1) 7345.436 303
7416.16(2) 7416.207 612*

7478.657(1) 7478.519 890

2 The descriptors of this transition in HITRAN2020 are (-2 -2 -2) [14 -1 -1] < (0 0 0) [13 9 5].

Table 3

Lines missing from HITRAN2020 in the 6600-7500 cm~' region, corresponding to a room-temperature intensity cutoff of 10-2® ¢cm molecule™!.
Wavenumber/cm™! Intensity/cm molecule™! Transition
24EgSyCoDr CW2024 24EgSyCoDr PoKaZaTeL
6924.606(1) 6924.607(1) 236x 10728 2.80x 10728 (120)[1487]-(000)[157 8]
-b 6949.670 8(1) - 748 x 10728 (040)[1091]-(000)[11 8 4]
b 7115.5717(1) - 3.11x 1077 (040)[990]-(000) [1083]
-b 7124.300(1) - 1.29x 10728 (200)[1294]-(000) [11 10 1]
7217.648(1) 7217.6477(1) 3.79 x 10726 9.11x 1077 (040)[1091]-(000)[108 2]
7217.648(1) 7217.648 3(1) 3.79 x 10726 273 x 10726 (040)[1092]-(000)[108 3]
=2 7283.616(1) - 1.84 x 10726 (200)[1294]-(000) [12 8 5]
-2 7353.3844(4) - 4.55x 10728 (210)[12111]1-(010)[11 210]
7360.048(2) 7360.050 3(1) 7.92x 10726 5.27x 10726 040)[990]1-(000)[981]
7360.048(2) 7360.050 4(1) 7.92 x 10726 1.76 x 1072¢ (040([991]1-(000)[982]
-b 7436.566(1) - 344 %1073 (002)[1477]-(000)[13 8 6]
-b 7462.1271(1) - 6.32x 10728 (040)[1091]1-(000)[982]

2 This line is buried under a transition with a similar lower-state energy.

b This line is not visible.

assignment of these uncatalogued lines would be assisted by additional
high-resolution measurements, especially above 1300 K, a challenging
requirement [12,25].

It is important to note that 10 of the uncatalogued lines reported in
24EgSyCoDr [12] can actually be found in the HITRAN2020 database.
At the time of the writing of the 24EgSyCoDr article, these lines could
not be assigned (the lower energy levels were unknown), resulting
in inadequate intensities, and thus the measured lines could not be
matched with lines in the HITRAN2020 database. Table 2 contains
the 24EgSyCoDr, and the associated HITRAN2020 and CW2024, lines
which were incorrectly assumed to be uncatalogued. Table 2 shows that
the HITRAN2020 line positions can differ significantly from both the
24EgSyCoDr and CW2024 results, which may be part of the reason why
these transitions are listed as uncatalogued lines in Ref. [12].

Table 3 contains the lines missing from HITRAN2020 in the 6600-7500

cm~! region, corresponding to a room-temperature intensity cutoff of
1 x 10728 ¢cm molecule~!. They are listed together with the uncata-
logued lines assigned in this work. As seen in Table 3, after adding
the uncatalogued lines of Ref. [12] to the HITRAN2020 database,
there are only seven transitions remaining which have not been mea-
sured experimentally. Note that during the measurements detailed in
Ref. [12], the two ortho-para doublet pairs shown in Table 3 were not
uniquely distinguishable. The line centre and intensity of the measured
absorption is shown, nominally matching the sum of the component
transitions taken from a first-principles calculation (PoKaZaTeL [10]).
The positions of these experimentally unmeasured lines are known with
an accuracy better than 10~ cm~! from the CW2024 line list [13]. Of
the seven lines that were not measured, five were not visible at any of
the measurement conditions reported in Ref. [12] and another two are
either buried under a transition with a similar E” or are simply not
visible. Spectra free from Doppler broadening might help to observe
these transitions.

3.3. Incorrect (C)W2024 entries

As detailed in Section 3.1, the catalogued and uncatalogued lines
reported in 24EgSyCoDr [12] were checked using the MARVEL proce-
dure. As a result, we found several cases where the 24EgSyCoDr lines
appear to be in conflict with previous measurements. In a number
of these cases, it is not the interpretation of the 24EgSyCoDr lines,
but those of previous measurements that appear to be incorrect. While
checking the measured spectra of Ref. [12], we found 72 (out of 5419)
measured lines present in the W2024 input file, or lines predicted from
measured lines corresponding to other spectral regions, for which there
is either definitively no measured peak in the 24EgSyCoDr spectra or
where the (C)W2024 lines were too far from the measured peak to be
considered a match. As highlighted in this section, many of these prior
measurements being removed from CHW2024 are high-temperature
emission measurements, which can be less reliable than absorption
measurements for a number of reasons (see, e.g., Ref. [25]). Figs. 3-6
illustrate cases of previous incorrect measurements and lines predicted
from incorrect measurements.

Fig. 3, for example, shows an ortho-para line pair at 6985.126 cm™!,
measured and assigned by 20MiKaMoCa [41]. The label of the ortho
line is (101)[14131] — (000)[14132], while that of the para pair
is (101)[14132] - (000)[14131]. As seen in Fig. 3, the line centre
position reported in Ref. [12] fits perfectly the observed peak, but the
20MiKaMoCa [41] line is off by about 0.03 cm~!, while its claimed
uncertainty is 0.001 cm~!. Therefore, we deleted both the ortho and
the para lines of 20MiKaMoCa from the W2024 database.

The incorrectly predicted line of Fig. 4 is the (101)[15115] -
(000)[1511 4] transition of ortho—H216O. The upper energy level of
this transition is determined by eight measured transitions, reported
by 02TeBeZoSh [45], 06ZoShPoBa [46], 08ZoShOvPo [44], and 18Ru-
FoScJo [42]. This transition has a para pair, whose upper state is also
determined by the same sources. At the end, we decided to delete these
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Fig. 3. An incorrect measured line (black) at 6985.126 cm~' reported by 20MiKaMoCa [41].
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Fig. 4. Incorrect line prediction from 18RuFoScJo [42] at 7021.115 cm™'.
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Fig. 5. Incorrect line prediction from 15CaMiLoKa [43] at 7197.955 cm™'.

eight plus eight transitions from W2024 and accept the 24EgSyCoDr
measurement at 7020.842 cm™!.

The incorrectly predicted (blue) line of Fig. 5 is based on a measured
line reported at 7938.1173 cm~! in 15CaMiLoKa [43]. As seen in Fig.
5, the line which is predicted to be at 7197.955 cm~' should be at
7197.897 cm~! according to the measurements of Ref. [12]. Therefore,
we deleted this 15CaMiLoKa line from the W2024 database.

Fig. 6 shows a very interesting case. An ortho-para pair was mea-
sured at 7248.274 cm~! by 08ZoShOvPo [44]. The label of the or-
tho line is (200)[14114] - (000)[14105], while its para pair is
(200)[14113] - (000)[14104]. The upper states of these transi-
tions are confirmed by nine plus nine other transitions, measured by
00ZoPoTeSh [47], 06ZoShPoBa [46], 08ZoShOvPo [44], and 18RuFoS-
cJo [42]. There was only one measurement at 7248.094 by 08ZoShOvPo,
but it was deleted during the W2024 study. According to Fig. 6, the
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Fig. 6. An incorrect line reported by 08ZoShOvPo [44] at 7248.274 cm™' and its correct line position at 7248.094 cm™', reported in 24EgSyCoDr [12] as an uncatalogued line.

Table 4

Incorrect W2024 [13] empirical rovibrational energy levels and their newly determined
values. The levels are labelled according to (v, v, v;) [J K, K.]. The numbers in
brackets show the expanded (two-sigma) uncertainty of the energy levels. Difference is
defined as ‘This work’ — ‘W2024".

Label Energy/cm™~! Difference/cm™!
W2024 This work
(002)[1495] 10932.457(6) 10932.483(2) 0.0262
(002)[149 6] 10932.436(6) 10932.4622(6) 0.0266
(0 0 2) [15 10 5] 11495.272(5) 11 495.248(7) -0.0239
(0 02)[15 10 6] 11 495.265(5) 11495.241(7) -0.0240
(002)[159 6] 11 282.942(5) 11282.918(2) -0.0239
(002)[1597] 11 282.876(8) 11 282.852(7) -0.0239
(002)[16 10 7] 11868.798(1) Deleted -
041)[1377] 13263.81(1) Deleted -
(0 41)[15 2 14] 12557.102(1) 12557.109(6) 0.0061
(0 6 0) [14 0 14] 11035.8(1) 11036.203(4) 0.3677
(101)[14131] 11682.788(1) 11682.8238(4) 0.0363
(101)[1413 2] 11682.788(1) 11682.8238(4) 0.0363
(101)[15106] 11 328.495(7) Deleted -
(101)[1511 4] 11556.079(1) 11 555.806(4) -0.2728
(101)[1511 5] 11556.079(1) 11555.807(4) -0.2728
(101)[16511] 10905.1090(1) 10905.1161(2) 0.0071
(101)[16 9 8] 11 449.536(6) 11449.562(2) 0.0251
(101)[17 8 10] 11 643.406(1) 11643.4522(9) 0.0461
(101)[18 10 8] 12461.31(1) Deleted -
(101)[18 315] 11301.817(1) 11301.8226(4) 0.0051
(101)[20 4 16] 12356.419(1) 12356.410(6) —-0.0091
(111)[1311 2] 12615.630(6) 12615.646(2) 0.0159
(111)[13113] 12615.630(6) 12615.646(2) 0.0159
(111)[18217] 12339.372(2) 12339.3821(8) 0.0104
(111)[211 21] 13055.118(1) 13055.125(6) 0.0071
(120)[1596] 11022.953(1) 11022.895(4) -0.0576
(120)[1597] 11022.920(3) 11022.862(5) -0.0576
(120)[169 8] 11 396.54(1) 11396.512(4) -0.0320
(121)[150 15] 12575.181(1) 12575.248(7) 0.0672
(121)[151 15] 12575.122(5) 12575.183(1) 0.0611
(121)[990] 12717.408(3) 12717.422(6) 0.0132
(121)[991] 12717.408(3) 12717.422(6) 0.0132
(200)[14 11 3] 11170.611(1) 11170.43(2) -0.1853
(200)[14 11 4] 11170.611(1) 11170.43(2) -0.1853
(2 00) [16 10 6] 11651.19(1) 11651.206(2) 0.0204
(200)[16 10 7] 11651.17(1) 11651.192(1) 0.0206
(200) [16 11 5] 11893.971(6) 11894.007(3) 0.0360
(200)[16 11 6] 11893.971(6) 11 894.007(3) 0.0360
(200)[16 89] 11217.235(6) 11217.362(6) 0.1273
(200)[17 7 11] 11 465.50(9) Deleted -
(200)[191 19] 10738.585(2) 10738.5730(5) -0.0121
(300)[14 2 13] 12799.294(6) 12799.248(1) -0.0461

deleted line is the correct one; therefore, we deleted the 10 + 10
measured lines from the ortho-para pairs in W2024.

In summary, due to an extensive comparison of W2024 [13] and
24EgSyCoDr [12] lines, a total of 72 W2024 lines had to be deleted and
the uncertainty of 58 previously measured lines had to be increased by
more than four times. As to the related energy levels, Table 4 contains
new energy values that differ significantly, by more than 0.005 cm™!,
from the W2024 energy levels, after adding the correct 24EgSyCoDr
lines and deleting the incorrect W2024 lines. It can be seen that (a)
all problematic energy levels are above 10700 cm™!, (b) the lowest J
value is 9, but usually it is significantly higher, (c) there are a large
number of ortho-para pairs with small but significant splittings, and (d)
at the end we had to delete five energy levels from the W2024 energy
level set.

4. Summary and conclusions

This paper describes a comprehensive, critical, line-by-line anal-
ysis of rovibrational transitions of H,'°0 in the wavenumber region
6600-7500 cm~!. The study is based on 29 temperature-dependent
spectra published in a paper referred to here as 24EgSyCoDr [12], using
a dual-comb spectrometer (DCS), from which the line centre positions
and the line intensities are taken. The Supplementary Material of
Ref. [12] contains 23 120 spectral lines belonging to Hsz, from which
5419 lines underwent multispectrum fitting (MSFR), updating param-
eters such as line centre and intensity. Of those, 4803 catalogued lines
have assignments simply taken from the HITRAN2020 [2] database.
The so-called uncatalogued lines of Ref. [12] are the remaining 616
transitions. Of the uncatalogued transitions, 576 were strong enough
to be fit by MSFR, 40 were visible but too weak to generate a stable
line centre using MSFR. These uncatalogued lines are perhaps the most
important ones for the spectroscopic community.

In comparing the catalogued lines of Ref. [12] with the empirical
lines of the composite CW2024 line list [13] directly, we observed
agreement within the respective uncertainties for 73% of the 4803
catalogued lines. Assignments were proposed for 17 catalogued lines
contained in 24EgSyCoDr [12], where the HITRAN2020 assignment
was incomplete.

From the 616 uncatalogued lines reported in 24EgSyCoDr [12],
it was possible to assign 423 using the CW2024 line list. If the un-
catalogued lines measured and reported in Ref. [12] were added to
HITRAN2020, all but seven lines have become known experimentally in
the 6600-7500 cm~! interval, assuming a room temperature intensity
cutoff of 1x 10728 ¢cm molecule~!. A few problems were identified with
the empirical energy levels of the W2024 list, yielding problematic
transitions in the CW2024 list. In fact, a total of 72 W2024 lines, and
five empirical energy levels above 10700 cm~! with the lowest J value
of 9, had to be deleted and the uncertainty of 58 previously measured
lines had to be increased by more than four times.
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Detailed comparison of the 24EgSyCoDr, CW2024, and
HITRAN2020 lines resulted in a couple of important observations
and recommendations. (1) Analysis of experimental spectra, especially
those recorded at higher temperatures and using multispectrum fit-
ting routines, is a highly complex task. Thus, joint consideration of
all available experimental, empirical, and computed data is highly
recommended. In the present case, this allowed refitting of certain
spectral features, for example, involving a different number of lines
in the fitting. (2) MARVEL-type empirical analysis of even the full set
of measured transitions suffers from the unavailability of the actually
measured spectra. In general, it is recommended to publish complete
observed spectra, with appropriate metadata, which would also facili-
tate their later (re)analysis. (3) Reporting individual uncertainties for
the measured lines is highly desirable. This could be achieved here
after redoing the MSFR, taking advantage of an extended version of
the CW2024 empirical line list, including computed intensities. (4)
The large number of additional transitions visible at high temperatures
helps to move towards the complete characterization of the region
covered by the experiments.

An updated database superseding that of 24EgSyCoDr [12] is pro-
vided in the Supplementary Material of this work. It is basically the
same as the Supplementary Material of Ref. [12], but a second column,
called ‘action’, has been added.
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