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New line lists are presented for the two most abundant water isotopologues; H,'60 and H,'80. The H,'60
line list extends to 25710cm~! with intensity stabilities provided via ratios of calculated intensities ob-
tained from two different semi-empirical potential energy surfaces. The line list for H,'80 extends to
20000cm~!. The minimum intensity considered for all is 10-3° ¢m molecule~! at 296 K, assuming 100%
abundance for each isotopologue. Fluctuation of calculated intensities caused by changes in the underly-
ing potential energy are found to be significant, particularly for weak transitions. Direct comparisons are
made against eighteen different sources of line intensities, both experimental and theoretical, many of
which are used within the HITRAN2016 database. With some exceptions, there is excellent agreement be-
tween our line lists and the experimental intensities in HITRAN2016. In the infrared region, many H,'0
bands which exhibit intensity differences of 5-10% between to the most recent 'POKAZATEL’ line list
(Polyansky et al., [Mon. Not. Roy. Astron. Soc. 480, 2597 (2018)] and observation, are now generally pre-
dicted to within 1%. For H,80, there are systematic differences in the strongest intensities calculated
in this work versus those obtained from semi-empirical calculations. In the visible, computed cross sec-
tions show smaller residuals between our work and both HITRAN2016 and HITEMP2010 than POKAZATEL.
While our line list accurately reproduces HITEMP2010 cross sections in the observed region, residuals
produced from this comparison do however highlight the need to update line positions in the visible
spectrum of HITEMP2010. These line lists will be used to update many transition intensities and line
positions in the HITRAN2016 database.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

bodies, not limited to but including exoplanets [25,26], comets
[27,28] and cool stars [29].

Water vapor is one of the most well studied and analyzed
molecules in existence. Countless experiments (for instance those
in Refs[1-16].) and ab initio [17-24] calculations have been per-
formed to document its spectrum; such research is presently on-
going and is likely continue for many more years.

Water is abundant in our own atmosphere, where it is a source
of significant radiation absorption at all wavelengths, but is read-
ily observed in the spectra obtained from many extra-terrestrial
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The absorption spectrum of this asymmetric top molecule is
complex and can be observed in the Earth’s atmospheres from the
microwave to the near ultraviolet. Water spectra can influence the
retrieval of many molecules. When accurate retrievals are sought,
precise intensities and line parameters for almost every transition
become important. For those molecules with trace abundances, ex-
tra emphasis is placed on this to reduce the unwanted interference
[30,31].

The HITRAN [32] database is a widely acknowledged and thor-
oughly verified source of spectroscopic data, housing line-by-line
parameters for 49 molecules that are detectable in our own and
some planetary atmospheres. The database is used in a variety of
applications, from the calibration of instruments, to the interpre-
tation of telluric spectra and modeling of planetary atmospheres,


https://doi.org/10.1016/j.jqsrt.2019.106711
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2019.106711&domain=pdf
mailto:eamon.conway@cfa.harvard.edu
https://doi.org/10.1016/j.jqsrt.2019.106711

2 E.K. Conway, LE. Gordon and A.A. Kyuberis et al./Journal of Quantitative Spectroscopy & Radiative Transfer 241 (2020) 106711

and as such, the data which makes its way into the database is
extensively verified, not just by the HITRAN group, but by the sci-
entific community that extensively uses it. The data which forms
the H,'%0 and H,'30 line lists in HITRAN2016 [32] originate from
a combination of ab initio, semi-empirical and experimental meth-
ods.

Experiments can have the advantage over ab initio methods by
possessing the ability to measure transition parameters to high
levels of precision (especially for the line positions), although the
scale at which this is accomplished is often limited to one partic-
ular spectral region. Theoretical methods can, however, calculate
entire spectra. The agreement between observation and calculation
can often fluctuate from band to band, a product of both experi-
mental and theoretical limitations, and the different systematic er-
rors which characterize the two techniques. A combination of both
resources are necessary to produce an accurate spectrum. Calcu-
lated spectra are now capable of predicting energy levels to tenths
of a wavenumber, a feature that is essential for interpreting telluric
observations.

The spectroscopically-determined potential energy surface of
Bubukina et al. [22] predicts energy levels that are below
26000cm~! to 0.022cm~!, while the more recent semi-empirical
potential of Mizus et al. [24] calculates levels beneath 15000 cm™!
to 0.011cm~!, which approaches the resolution of many atmo-
spheric spectrometers on board satellite missions.

The most recently available calculated line list for H,'60, called
POKAZATEL is due to Polyansky et al. [23]. POKAZATEL is the first
line list for a tri-atomic that is complete; it includes essentially
every possible transition up to rotational level 72, where above
J=72, the lowest energy level that is populated occurs above dis-
sociation. The POKAZATEL line list used the dipole moment sur-
face (DMS) of Lodi et al. [33], which was published in 2011. Since
then, many high quality experiments have been conducted, from
the infrared to the visible and small imperfections in the DMS
have been observed. Sironneau and Hodges [13] measured inten-
sities near 1.25um to high precision, citing a sub percent uncer-
tainty. They showed that there are inconsistencies in the prediction
of 2v3 band intensities.

Birk et al. [7] analyzed five infrared experiments covering
1250-1750cm~! [34], 1850-2280cm~! [6], 2390-4000cm~! [6],
4190-4340cm~! [35] and 10000-11000cm~". For some absorption
bands at 1pm, the most recent ab initio models were found to no
longer predict intensities to within 1-2%.

Lampel and co-workers [31] showed that POKAZATEL and other
line lists failed to accurately predict atmospheric absorption in
the 500nm - 450nm interval. The high temperature database,
HITEMP2010 [36], modeled the absorption significantly better, de-
spite being almost ten years old at the time the work was carried
out. HITEMP2010 used the calculated BT2 [20] line list as a start-
ing point, with experimental energy levels and intensities from HI-
TRAN2008 replacing theoretical values where possible.

The motivation behind this work is to create new, highly ac-
curate, calculated line lists for the two most abundant water iso-
topologues, validated through a significant number of comparisons
against high quality experimental data present in the HITRAN2016
database and beyond, as well as semi-empirical methods, covering
transition frequencies from the microwave to the visible.

2. Line list calculation

For the HITRAN2016 [32] H,'60 line list, the maximum rota-
tional level considered is J = 20, with a cut off transition frequency
of 25710cm~! and our line list follows the same thresholds. For
H, 180 this is 20000 cm~!. Assuming 100% abundance for each iso-
topologue, we choose to calculate transitions with a minimum in-
tensity of 10-3% cm molecule~! at the standard room temperature

of T =296 K which is sufficient for the majority of studies carried
out at the range of temperatures encountered in the terrestrial at-
mosphere. When included in atmospheric models it maybe prac-
tical to further truncate the line lists by including isotopic abun-
dance under the same cut off criteria. In the far infrared of HI-
TRAN2016, there are several transitions with intensities orders of
magnitude weaker than this, however, they are negligible in com-
parison to many pure rotational transitions. In cases where one
wants to make use of weaker transitions (for instance in high-
temperature applications) the HITEMP database (which is beyond
the scope of this paper) should be used instead of HITRAN.

To calculate our line lists, we consider the semi-empirical po-
tential energy surfaces (PES) of Bubukina et al. [22] and Polyansky
et al. [23] (POKAZATEL PES) with the most recent ab initio dipole
moment surface available, CKAPTEN [37]. It is important to distin-
guish the POKAZATEL line list from the POKAZATEL potential: the
POKAZATEL line list used the dipole surface of Lodi et al. [33] with
the POKAZATEL potential for the calculation of its spectra.

The high-accuracy IR potential of Mizus et al. [24], termed
PES15k, calculates energy levels to an average deviation of only
0.011cm~! when compared to experiment. However, it only cov-
ers energy levels to 15000cm™!, which is too low for this work,
hence we do not consider it here.

We use the DVR3D suite of programs of Tennyson et al. [38] for
the generation of all spectra. These semi-empirical PESs began
with an ab initio potential, which is then fit to model observed
spectroscopic data. Our line lists are hence computed with the
wavefunctions of a semi-empirical potential and an ab initio dipole.

For H,'%0 measured energy levels below 26000cm~!, the PES
of Bubukina et al. predicts these states to an average deviation of
0.022cm™!, whilst the POKAZATEL PES calculates the same levels
to a RMS of 0.04cm~!. The POKAZATEL potential has the added
feature that it accurately predicts energy levels above 26000 cm~!.
For measured | =0 levels between Ocm~! and dissociation at
41145cm~! [39], POKAZATEL has a RMS of 0.13cm~!. Bubukina
and co-workers also modified their potential for the other isotopo-
logue H,180, which we also use in the calculation of spectral in-
tensities.

To obtain a measure or indication of the theoretical uncertainty
on transition intensities, the method of Lodi and Tennyson [40] in-
volves computing spectra with two different dipoles and two dif-
ferent potentials. The uncertainty of each line is assessed by taking
the largest ratio between the transition intensities obtained from
each of the four possible calculations. A ratio close to unity would
indicate a stable transition, where a ratio deviating from one indi-
cates that the transition is 'sensitive’ to either the DMS or PES.

For unstable weak transitions, it is understood that the un-
derlying potential is the cause of such instability, while system-
atic errors in band intensities that may appear for stable lines are
likely due to the DMS. To quantify an uncertainty, one requires
knowledge of both factors. For H,'0, we aim, in this work, to
identify unstable transitions which are solely due to the poten-
tial. Hence, we will consider one DMS and two different potentials.
Also, the POKAZATEL line-list used the second most recent DMS
that is available, created by Lodi et al.[33] in 2011, and we will be
comparing to the POKAZATEL line-list.

The dipole calculations for this DMS were carried out at a very
high level of theory, where each point (~ 16000 total) required
over 140000 seconds of CPU time to complete [37]. For high-
accuracy theoretical spectra, the Multi-Reference Configuration In-
teraction (MRCI) method combined with the aug-cc-pCV6Z basis
set is the current gold-standard formalism, however, it is limited
to only the lightest of molecules with few degrees of freedom,
such as H3* [41] and HCN [42]. Hence, we expect the DMS to
provide excellent transition intensities for strong, stable lines in
the IR, where calculated intensities will deviate by no more than
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1-2% from high-accuracy experiments. For stable transitions in the
visible/near-UV, the accuracy of both experiment and theory is ex-
pected to reduce as the majority of these will be weak, however,
the agreement should still be within 10-20%. Through a significant
number of comparisons, against both experimental and theoretical
sources, the quality of this DMS, CKAPTEN, will be verified. Where
we quote theoretical uncertainty below, we refer to the instability
induced by the potential energy surface.

For H,160, using the POKAZATEL PES with the CKAPTEN DMS,
we created a temporary line list that extended slightly beyond the
HITRAN2016 cut-off at 25000 cm~! and went to 26000 cm~!. Sim-
ilarly, using the PES of Bubukina et al. with CKAPTEN we created
another line list that also extends to 26000 cm~!. Two line lists are
required to obtain stabilities.

The POKAZATEL PES was refined using the same number of
measured energy levels (below 26000cm~1) to that of Bubukina
et al. within rotational levels ] = 0, 2, 5. Since the PES of Bubukina
et al. provides more accurate energy levels, we use the line list that
included this PES with the CKAPTEN DMS for our main/reported
line list, with the other line list only used for the purpose of ob-
taining a PES stability on the intensities.

The H,'80 line list use the PES of Bubukina et al. with the CK-
APTEN DMS.

2.1. MARVELization

MARVEL (measured active rotational-vibrational energy levels)
[43] is a procedure for inverting observed spectroscopic frequen-
cies to obtain well characterized empirical energy levels and uncer-
tainties. The method was developed for a task group studying the
spectroscopy of water [44] who provided energy levels for all the
isotopologues of water [45-48]. As illustrated by this task group
[46] use of these empirical levels facilitates not only the reproduc-
tion of the original observed line position but also the precise pre-
diction of many other yet-to-be-observed line positions between
states for which there are MARVEL energy levels. The MARVEL al-
gorithm has been systematically improved [49,50] with a particular
focus on continuing to improve the energy levels of water [50-52].
An important point is that MARVEL requires all transitions, and
hence resulting energy levels, to be fully labeled.

DVR3D provides rigorous quantum numbers, notably, an or-
tho/para label, rotational quantum number and parity. Where pos-
sible, it is helpful to also label each H,'60 and H,!80 energy level
with quantum numbers K;, K, vq, v, and vs. On their own, the
rigorous quantum numbers from DVR3D do not provide enough in-
formation to match with the empirical energy levels from MARVEL.
Hence, energy level differences must be used together with this in-
formation to match with MARVEL states. This approach makes the
labeling of closely lying states not straightforward.

For H,'®0 we supplemented the MARVEL data with new
pseudo-experimental levels taken from Polyansky et al. [53].

Each energy level calculated with DVR3D is unique, but can nat-
urally occur more than once as both an upper or lower state within
a transition. It is therefore important that the same energy level
from DVR3D is not assigned differently in various transitions. We
approached this matching problem in stages, where the maximum
energy difference interval for matching, i.e |E.qc — Emeas|, i in-
creased in values of 0.22 cm~!, 0.40 cm~!, 0.50 cm~!, 0.70 cm!,
1.00 cm!, 1.30 cm~! and 1.50 cm~!. Increasing beyond this final
value would dramatically increase the possibility of mis-labeling.

Using the uniqueness, once a calculated level from DVR3D is
matched to its corresponding level in MARVEL, only that particular
calculated level may carry that MARVEL label from then on. Also,
once a MARVEL level is matched to a level in our line list, it does
not carry onto the next iteration, thus preventing duplication from
ever occurring.

PES: POKAZATEL
DMS: CKAPTEN.
wi < 25710 cm™!
E' <26000 cm™!

PES: Bubukina et al.
DMS: CKAPTEN.

wif < 25710 cm™!
E' <26000cm™!

Fig. 1. A represents the secondary line list computed using the POKAZATEL PES
and CKAPTEN DMS. B is our main line list calculated with the Bubukina PES and
the CKAPTEN DMS. C are those transitions that have intensities below 10-3° c¢m
molecule~, frequencies below 25710cm~" and E" above 26000 cm™!.

For our line lists, where matching was successful, our calculated
energy levels were replaced with what is predicted from MAR-
VEL. Those levels that were not assigned in the final iteration were
given a default/unknown label of (vq, vy, v3, Kq, K:) = —2. We note
that there are strong theoretical grounds for believing that it is not
actually possible to label all the states of water with consistent set
of harmonic oscillator, rigid rotor labels above the barrier to linear-
ity [54] which lies at about 11110cm~! [55].

2.2. Calculation of H,60 stabilities

Using both H,'60 line lists, we assess the stability in each line
intensity based on the ratio of matched intensities [40]. Applying
this process was not straightforward, as achieving a consistent set
of labels for all levels is difficult. For unstable, often weak transi-
tions, the labeling of a particular state may fluctuate between po-
tentials.

We opted to include an intensity ratio threshold in this match-
ing process, whereby, if transitions in each of our line lists are
matched on all quantum numbers and via a small energy level
interval, if the ratio of their intensities falls outside the interval
0.66 <S1/S, < 1.5, then the upper level has its label reset to de-
fault/unknown: As previously mentioned, this generally occurs for
very weak transitions. This method also reduces the possibility of
our H,160 line list having incorrectly labelled states.

The Bubukina et al. potential is not reliable for accurately cal-
culating energy levels that lie above 26000 cm~!, however, there
are a small number of transitions with intensities above 10730 c¢m
molecule~! and frequencies below 25710cm~!, that have an up-
per state energy above 26000 cm~!. For these few particular transi-
tions, we replace all the parameters with those produced from the
POKAZATEL potential. In Fig. 1, these few transitions are in AUB,
and our final line list is within the solid circle enclosing regions B
and C.

3. Results
3.1. Hy'%0

In Table 1 we summarize the PES stability percentage on transi-

tion intensities which is calculated as 100| (1 — Bubukina PES_)| ~ 3nd
POKAZATEL PES

follow the HITRAN2016 relative uncertainty groups. The majority
of transitions are stable with PES sensitivity less than 1%, while
the number of unstable transitions appear to decrease as sensitiv-
ity increases, an attractive quality in this line list. Those transitions
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Fig. 2. Comparison of our pure rotational, vs3 and v, calculated intensities to those from Coudert et al. [58]. Uncertainty on our work represents the PES stability.

Table 1

The sensitivity of transition intensities on
the underlying potential energy surfaces of
Bubukina et al.[22] and POKAZATEL [23]
calculated as 100|(1 — ghwne )| The CK-
APTEN DMS [37] was used for both calcu-

lations.

Percentage Range.  Number of Lines.

>20% 4008
10-20% 5677
5-10% 13055
2-5% 40364
1-2% 34567
0-1% 96117

that could not be assigned a sensitivity are not included in the ta-
ble.

Starting from data contained in the HITRAN2016 database, we
compare with over 20000 measured transitions that originate from
twelve different experimental sources [2-13]. It is important to
note, that for all our comparisons to HITRAN2016 data, which are
shown below, the data obtained from each source may not be 100%
complete, meaning, not all of the reported data from that particu-
lar source features in HITRAN2016.

For microwave spectra, transitions in HITRAN2016 come from
ab initio [33] and semi-empirical calculations [56,57]. This region is
dominated by strong, pure rotational transitions and as such, both
the DMS and PES are very well defined. Different ab initio models
[20,33] hence exhibit very similar behavior due to the similarity of
the underlying ab initio calculations in such a well defined region,
hence it is necessary to compare with the latest semi-empirical
methods that do not use the same formalism as we do. Compar-
isons are made with the line list taken from the more recent work
of Coudert et al. [58], which is used in GEISA2015 [59]

Several experimental sources [6,34,35] in HITRAN2016 covers
the mid-infrared region from 1250 - 4390cm~! and we thought it
necessary to supplement this by a comparison to the experimen-
tal data of Ptashnik et al. [14], which is not in the database. For
the NIR, seven experiments [3,8-13] provide measurements in the
interval 7000 - 8339cm~!, while three experiments [2,4,7] cover
10000 - 14500cm~'. Only one experimental source [5] provides
data on the remainder of the visible spectrum.

For all figures shown below, where transition intensities in
units of cm/molecule are plotted on the x-axis, these intensities
represent our calculated values.

We compare to 11029 semi-empirical intensities taken from
Coudert et al, which include v,, vz and pure rotational tran-
sitions. Many of these calculations form the basis of the mi-
crowave and far-infrared region in GEISA2015. For the strongest
lines above 1022 ¢cm molecule~!, the agreement is in general ex-
cellent, with the exception of our v, intensities being approxi-
mately 1% stronger, a feature that is replicated through recent ex-
periments, seen below in Fig. 3. However, below this threshold, the
deviation exhibits a clear rotational dependence. It would appear
that this dependence is induced from the work of Coudert et al.,
as it is not observed in any other of the comparisons below which
include the same bands. Such behavior has previously been shown
to be the consequence of using effective Hamiltonians to represent
intensities [60].

Fig. 3 a compares 4993 transitions provided in the study of
Birk et al. [7], which contains measurements from several exper-
iments in the regions of 1250 - 1750cm~! [34], 1850 - 2280 cm™!
[6], 2390 - 4000cm~! [6] and 4190 - 4340cm~! [35]. The agree-
ment is within an average of 1-2% percent for both our line list
and POKAZATEL, although only for those transitions that have in-
tensities over 10723 ¢m molecule~!; below this threshold, the ra-
tios begin to diverge and line instability begins to increase while
the accuracy of the experiment begins to decrease.

In the same figure, we show a zoomed in region of the
strongest transitions. Ratios of v3 and v, band intensities are in
excellent agreement with experiment [6]. For the v; band, both
line lists calculate intensities which are approximately 2-3% too
weak, a figure that has already been observed in the study of Birk
et al.[7]. The deviation in this band is likely an issue that origi-
nates from the underlying ab initio calculations of the dipole sur-
faces used in this work and POKAZATEL. We continue to investi-
gate this problem. Intensity measurements of the v3 fundamental
which were recently made by Devi et al. [61] deviated from those
of Loos et al. by 8-10%. Our results verify the experiment of Loos
et al.

The experiment of Ptashnik et al. covers regions 1400 -
1840cm~! and 3440 - 3970cm~!. We plot the resulting intensity
ratios in Fig. 3b and this includes 438 data points. The authors con-
verted their results to the customary HITRAN ’.par’ file format and
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Fig. 3. Comparisons of transition intensities from both our new line list and
POKAZATEL [23] to the measurements of (a) Loos et al. [6], Birk et al.[34,35] and
(b) Ptashnik et al. [14]. Uncertainties on this work for (a) are a combination of PES
stability and experiment, while POKAZATEL ratios shown in (a) only carry exper-
imental uncertainty. In (b), uncertainty on our data is theoretical stability on the
underlying potential.

intensities were given an error code of either four or five, i.e 5 -
10% or 10 - 30% respectively. In Fig. 3b, the v3 band shows excel-
lent agreement to POKAZATEL, where ours is weaker by approxi-
mately 1%, which is well within experimental uncertainty and is
in line with what is obtained from Ref [6,34,35]. However, for the
v, band, both theoretical line lists predict similar intensities again,
but are now weaker by 3%. The experimental uncertainty on the
data of Ptashnik et al. is likely the cause of such discrepancy.

Comparing to the HITRAN2016 database, we match to 793 tran-
sitions that originate from the work of Toth et al. [3], see Fig. 4a.
In the Toth et al. H,O line list, available through the NASA JPL
website; http://mark4sun.jpl.nasa.gov/h2o0.html. Reported intensi-
ties are a combination of experimental measurements and semi-
empirical calculations obtained from fitting a model to observation.
The region we compare to in HITRAN2016 contains Toth et al. mea-
sured intensities, not semi-empirical calculations. In general, the
agreement to Toth et al. using our line list and POKAZATEL for the
strongest lines is good, with deviations averaging approximately
1-2% and is within the 5% experimental uncertainty. There does
appear to be an un-physical shape to the ratios shown in Fig. 4a,
which is associated with the bands (101) and (200), and is unlikely
to arise from theory.

Lisak, Havey and Hodges [8] measured intensities of bands
(101), (200) and (002) in the narrow wavelength of 7170 -
7183 cm~! to sub-percent accuracy. Both ab initio line lists are in
excellent agreement with the fourteen lines from [8] present in HI-
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Fig. 4. Intensity ratios from our new line list and POKAZATEL [23] to the experi-
mental measurements of (a) Toth et al. [3] and (b) Sironneau and Hodges [13]. The
uncertainty on our work is calculated from PES stability factor.

TRAN2016. We chose to omit this figure as there are only a few
data points.

Mikhailenko et al. [9] measured a large number of weak in-
tensities in the 7408 cm~! - 7919cm~! window. When compar-
ing to HITRAN2016, we matched to a total of 1227 transitions,
with resulting intensity ratios presented in Fig. 5a. Of the two
line lists, ours and POKAZATEL, neither shows better agreement
to Mikhailenko et al. than the other; both theoretical models have
scattered ratios throughout.

Leshchishina et al. [8] measured transition intensities within
a narrow spectral region of 7000 - 7405cm~!. Of the 775 lines
shown in Fig. 5b, neither line list out-performs the other and ratios
are again, scattered.

Our new line list exhibits excellent agreement with the mea-
surements of Regalia et al. [11], see Fig. 5c. Comparing to HI-
TRAN2016, we matched to 1102 of their measured intensities that
cover 7000 - 8339cm~!. Fig. 5¢ shows a clear discrepancy in the
prediction of (031) band intensities of the POKAZATEL line list with
a 10% shift present for the strongest lines. For the (130) band
intensities, our calculations are systematically offset by approxi-
mately 15-17%.

In Fig. 5d shows calculated intensity ratios with 1209 measure-
ment from Campargue et al. [12], taken from HITRAN2016, with
frequencies in the range 7911 - 8332cm~!. Our line list again
shows a large, 10% improvement over POKAZATEL for the strong
intensities of the (031) band. As previously seen in our compari-
son to the experiment of Regalia et al., our prediction of (130) band
intensities are again over-estimated by approximately 14-17%. The
intensity ratios from both experiments exhibit similar results for
bands (031) and (130).
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Sironneau and Hodges [13] measured intensities with high pre-
cision in the 7714 - 7919cm~! interval. We compare with 65
of their lines that are obtained from our comparison to the HI-
TRAN2016 database; results shown in Fig. 4b. Intensity ratios in
the 2v3 band indicate that POKAZATEL underestimates intensities
by approximately 3%, while our new line list agrees with the mea-
surements.

In Fig. 6a, we compare with the measured intensities of 535
transitions provided in the study of Birk et al. [7] present in HI-
TRAN2016, with frequencies covering 10000 - 11000 cm~!. Our line
list predicts intensities that are significantly closer to the reported
experimental values than the line list of POKAZATEL, see Fig. 6a.
Comparisons in the (300), (121) and (201) bands show deviations
can reduce by up to 8% with our new line list [37].

We matched with 1475 transitions within HITRAN2016 that
originate from the work of Brown et al. [2] and plot intensity ra-
tios in Fig. 6b. Brown et al. analyzed 25 individual spectra that
were measured at the National Solar Observatory, Kitt Peak and
produced intensities based on these observations. For well isolated
lines, uncertainties are stated to be approximately 3%, or possi-
bly lower in some cases. These intensities include many of the
bands covered in [7] and possess transition frequencies in the re-
gion 10240 - 11378 cm~'. For the 3v3 band, POKAZATEL systemati-
cally over-estimates the absorption by approximately of 5%, as can
seen in Fig. 6b.

In Table 2, we summarize key results for a number of vibra-
tional bands previously discussed. For many of the bands consid-
ered, the range of intensities is extremely large, often spanning
over six order of magnitude, hence we use a weighted average, see
formula (1). With the exception of the (130) band, there is over-

all, an improvement over POKAZATEL, particularly for transitions at
the shorter wavelengths. It is however, worth highlighting the large
change in the average instability factor in the v, and 2v, bands,
which increases from only 0.02 %, to 0.80 %. For water vapor, ac-
curately modeling the bending behavior in potentials has always
been difficult [22,24]. This stability factor is likely to continue in-
creasing for the higher excitations in v, and hence, the ab initio
wave-functions may reduce the accuracy of the transition intensi-
ties.

S
W(S) {woosm,

1,

if ﬁ <1000
otherwise

(1)

There is a distinct energy gap present at 13000cm~! for the
H,60 experimental data within HITRAN2016 in the region cov-
ered by O, A band absorption. Incorrect intensities and/or other
line parameters occurring in this region has the possibility to in-
terfere with remote sensing experiments of O,.

There are two different sets of experimental data in HI-
TRAN2016 that come from the work of Tolchenov et al. [4,5].
The first [4] includes those transitions with frequencies in the
range 10251 - 14495cm~!, and the other [5] continuing from
14500 - 25232 cm~!. For the infrared-only measurements [4], we
were able to compare with a total of 3911 transitions that are
taken from HITRAN2016, with resulting intensity ratios displayed
in Figs. 7a. As previously seen with comparisons to the experiment
of Brown et al., we again observe an approximate shift of 4-5%
for the strongest lines of POKAZATEL. Campargue et al. [62] also
recorded intracavity laser spectroscopy (ICLAS) in the narrow re-
gion of 12746 - 13558 cm~! (not in HITRAN2016) and we also com-
pare to 604 of their measured intensities in Figs. 7a. For the few
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Table 2

Average weighted intensity deviation in a select number of vibrational bands calculated as 100]Sc/Sops — 1. All
observed/experimental data is taken from HITRAN2016 [32]. Where an experimental error is provided, the data

is from Birk et al.[7]. TW refers to this work.

Band # Lines  Spin Smax Instability (%)  Exp. Error (%) TW (%)  POKAZATEL (%)
100 890 5.8(—27) 2.3(-20) 034 0.28 1.51 1.51
001 1019 2.9(-26) 2.5(-19) 0.04 0.24 0.46 0.19
010 912 1.5(-26) 3.2(-19) 0.02 0.17 0.55 0.55
020 793 1.9(-26) 2.8(-21) 0.80 0.47 0.87 1.11
1300 173 1(-26) 7.9(-24) 15 - 14.77 9.75
0310° 142 1(-26) 2.8(-23) 03 - 2.93 9.66
300 120 9.5(-26) 9.2(-23) 1.65 143 2.79 6.05
003 151 1.0(-24) 7.2(-23) 0.22 - 1.54 4.65
201 236 6.1(—25) 6.4(-22) 129 0.99 2.05 1.68
121 116 6.8(-25) 1.0(-22) 053 1.37 2.89 2.96

2 Deviation has been calculated by averaging the results from Campargue et al.[12] and Regalia et al.[11].
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Fig. 6. Near-infrared comparisons of transition intensities obtained from our new
line list and POKAZATEL [23] to the experiments of (a) Birk et al. [7] and (b) Brown
et al. [2]. For subplot (a), error bars for POKAZATEL ratios are experimental while
our work combines experimental and theoretical PES stability. For (b), the uncer-
tainty on our work is just the PES stability.

strong lines measured, we are in better agreement to experiment
than POKAZATEL.

We also consider the theoretical intensities present in HI-
TRAN2016 that feature in this O, A band region; BT2 [20] and Lodi
et al. [33] (UCL2012), see Fig. 7b. Comparison of our intensities to
those of Lodi et al. show clear asymmetry between the absorption
features on red and blue sides of the A-band region. This is corrob-
orated by the independent study by Geoffrey Toon (Jet Propulsion
Laboratories) [63] who carried out spectral fits to a ground-based
solar spectrum measured with the one of the Total Carbon Column
Observing Network (TCCON) [64] Fourier Transform spectrometers
(FTS) from Darwin, Australia, at 87 degrees solar zenith angle on

Apr 17, 2007. It was discovered that when using UCL2012 line list
to retrieve water vapor in our atmosphere, the amount retrieved
below and above 13000cm™! are different. Fig. 7b echos this ob-
servation and our line list should prove to be beneficial for future
works involving the O, A band.

We followed this up by acquiring the source data to both works
of Tolchenov et al. [4,5], which includes measurements from 9250
- 25232cm™. It is perhaps worth noting that the original experi-
ment was carried out by Schermaul and co-workers at the Ruther-
ford Appleton Laboratory [1,65,66]. We have already cross com-
pared in the one-micron region with experiments from Birk et al.
and Brown et al., which include bands (300), (003), (121), (201)
and (102), and the agreement between these sources and our line
list is excellent; ratios are between 1.0 + 0.1. One method of veri-
fying/assessing the experimental data of Tolchenov et al. is to com-
pare our calculated intensities to these same bands but instead us-
ing the source data from Tolchenov et al. Intensity ratios of 3260
transitions are presented in Fig. 7c with the respective experimen-
tal uncertainties.

For transitions with intensities greater than 1072% cm
molecule~!, there are a large number of scattered ratios, which is
concerning given these lines are relatively strong. Other compar-
isons in this study do not show scatter for such strong transitions,
which suggests that the uncertainty on the measurements should
be larger than reported. The results certainly question the use of
Tolchenov et al. data for those transitions with intensities below
1025 c¢m molecule~!, which dominate the visible/UV spectrum,
although high resolution experimental studies of this region are
available [67-70].

Tolchenov et al. [5] is the only non-ab initio source of inten-
sity within the HITRAN2016 database for transition frequencies in
the visible. Intensities in this region are in the range of 10-2°> cm
molecule~! - 10727 cm molecule~! and considering the results we
obtained in our previous comparison to those Tolchenov et al. in-
frared measurements, no conclusion could be made from a line-by-
line intensity comparison as ratios were scattered throughout the
visible. However, for the 3569 transitions that we matched with in
HITRAN2016, we observed that POKAZATEL lacks approximate la-
bels for most upper energy states (which are simply denoted by
the rigorous quantum numbers J, parity, ortho/para) for transitions
occurring above 20000 cm™1!.

We instead decided to calculate air broadened cross sections
using the HAPI [71] program with the Voigt profile. However, all
transitions in HITRAN2016 and HITEMP2010 contain both air and
self broadening parameters, whilst POKAZATEL and our line list do
not. In order to facilitate an equal comparison, equal broadening
parameters should be used across all sources, hence we apply ap-
proximate broadening co-efficients to each transition that are cal-
culated as a function of J' and J” [36].
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Lampel et al. [31] showed through atmospheric observations,
that the visible region between 20200 - 21500cm~! was modeled
better by HITEMP2010 than POKAZATEL.

Figs. 8 a and 8 b present residuals obtained from subtract-
ing the theoretical cross sections produced from both POKAZA-
TEL and our line list from those obtained using HITRAN2016 and
HITEMP2010. For the first region of absorption between 20200-
20800cm~!, our line list clearly possesses significantly lower
residuals than POKAZATEL when comparing to both HITRAN2016

(Fig. 8a) and HITEMP2010 (Fig. 8b). The residuals are also smaller
when comparing with HITEMP2010 rather than HITRAN2016.

For the absorption region located in the interval 21000-
21500cm~!, our new line list also provides better agreement to
both HITRAN2016 and HITEMP2010 over POKAZATEL, with the ex-
ception of line position differences occurring in our comparison to
HITEMP2010, located at approximately 21285cm™!, seen in Fig. 8b.
This feature is common to both theoretical line list residuals, see
Fig. 8c. Considering this feature is not present in the comparisons
to HITRAN2016 data, it is clear that some line positions in the vis-
ible spectrum of HITEMP2010 need updating. This is not surprising
as HITRAN2016 has seen two updates since HITEMP2010 was in-
troduced: HITRAN2012 and HITRAN2016.

3.2. H,180

Calculations from Lodi and Tennyson [74] make up the ma-
jority of the HITRAN2016 database for H,'80. The DMS used in
their work is very similar to the DMS used in the creation of the
POKAZATEL line list: they are both fit to the same electronic struc-
ture data points. Comparing our work to their H,'80 data in HI-
TRAN would yield near very similar results to those previously
seen for POKAZATEL in H,'60, particularly in the IR. In the visible,
one expects the differences to become more apparent.

Loos et al. and Birk et al.[34]also measured intensities for H,30
in the infrared region 1260 - 3995cm~"! and from HITRAN2016, we
compare with 1387 of these. The resulting ratios are presented in
Fig. 9a and are very similar to those shown in Figs. 3a and 3 b
where we compared to their H,'°0 measurements. This result was
expected as our theoretical models for H,60 and H,!80 use poten-
tials from the same source, and the same DMS. This result simul-
taneously highlights the high quality of their experiment, as well
as the stability of our calculations across isotopologues.

As expected the Lodi and Tennyson [74] line list exhibits larger
intensity errors in the visible as was seen by Mikhailenko et al.[16]
in their measurements of H,'80 spectra in the 16460 - 17200 cm~!
interval. The data of Lodi and Tennyson was found to be incom-
plete in this region, with several strong lines and countless weak
transitions missing. On top of this, several strong transitions ap-
peared to be consistently too strong. We have compared to HI-
TRAN2016 in the region of interest and the same conclusions are
made, see Fig. 10. The red boxes in Fig. 10 are an example of miss-
ing strong lines in the database, most identified by Mikhailenko
et al.

The ab initio intensities from Partridge and Schwenke [73] form
a large fraction of HITRAN2016 between 7000 - 8339cm~!. We
compare with 2280 of these with intensity ratios presented in
Fig. 9b. In general, the agreement is excellent, although there does
appear to be a small systematic shift.

For H,'60, the agreement between our line list and the ob-
served data of Toth et al. present in HITRAN2016 was very good,
see Fig. 3a. This does not appear to be the case for H,'80,
Fig. 9c. We compare with 713 transitions in the region of 7000 -
7678 cm~!, all taken from HITRAN2016. As previously explained for
H, 160, these intensities are measured, not calculated. The intensity
ratios appear significantly more scattered than those of H,60, a
feature that is most likely introduced from the experimental data.

Tanaka et al. [72] analyzed H,'80 spectra that was previously
measured at the National Solar Observatory, Kitt Peak. From HI-
TRAN2016, we matched with 549 transitions in the region of
12404-14276 cm~! with the resultant ratios shown in Fig. 9c. The
discrepancy is significant and appears to be systematic, with our
intensities 'appearing’ to be almost 22% too small. However, we
have already compared with H,'60 intensities in this region, see
Fig. 7a, and no 22% shift is observed for the strongest transitions.
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Fig. 8. Cross-section residuals obtained from subtracting our new line list and POKAZATEL [23] from (a) HITRAN2016, and (b), (c) HITEMP2010.

The results suggest that there may have been an error in the eval-
uation of the abundances within the sample in Ref. [72].

We have previously compared to the calculated semi-empirical
H,160 intensities of Coudert et al, Fig. 1, and both sets of the-
oretical data are in very good agreement with each other and
to the v, and v3 measured band intensities of Loos et al. How-
ever, for H,180, comparisons indicate that our intensities and those
of Coudert et al. [75] are very different, see Fig. 11a. The inten-
sity ratios of the pure rotational transitions appears skewed, and
there are systematic shifts in the intensities of both the v, and
v3 bands. This is not seen in our comparison to the same bands
observed by Loos et al., hence these deviations must originate
from the calculations of Coudert et al. We note that in our pro-
cedure a single model can be used for all isotopologues whereas
the method of Coudert et al. requires a separate fit for each
one.

We point out that the work of Coudert et al. forms the basis
of the GEISA2015 database for H,180. The GEISA2015 article out-
lines that the data from Coudert et al. reproduces the measured
intensities of Oudot et al. [76] better than other ab initio meth-
ods available at the time. We thus compare with the measured in-
tensities of Oudot et al. in Fig. 11b. There is little agreement be-
tween our work and that of Oudot et al.and ratios in the v, band
are scattered. This behavior was not seen when we compared to
the experiments of Birk and Loos et al.[6,34] (see Fig. 9). The data
from [6,34] present in HITRAN was recently successfully validated
against atmospheric spectra by Olsen et al. [77] and this gives con-
fidence in the accuracy of our calculation.

4. Summary

Our new line lists have been computed by combining the most
accurate and computationally intensive global dipole moment sur-
face for water vapor with highly accurate semi-empirical poten-
tial energy surfaces for each isotopologue, which predict H,160 en-
ergy levels to within 0.022cm~! for those lower than 26000 cm~!.
Where possible, we have replaced our calculated energy levels for
each line list with the semi-empirical levels predicted from MAR-
VEL. Where this was done, labels were also placed on each state:
Kq, K¢, v1, vo and vs. For our H,60 line list, we calculate a 'po-
tential stability’ for many transition intensities based on the inter-
change of two potential energy surfaces. This can be significant for
unstable transitions.

Comparisons have been made against eighteen different sources
across both H,'00 and H,'80 that encompass measured transi-
tion intensities from the far-infrared to the visible, which total
24890 observations. In the microwave, we also compare to calcu-
lated semi-empirical intensities.

The majority of the measured data was obtained from HI-
TRAN2016, as it is frequently used in both the characterization of
terrestrial atmospheres and in comparisons with new experiments
and is known to provide accurate results, hence it is the most log-
ical source to compare with.

In the microwave, the agreement between our theoretical in-
tensities to those from the semi-empirical calculations of Coudert
et al. are excellent for the strongest lines for H,60. For H,180, sys-
tematic shifts are observed in v, and v3 bands, of which these dif-
ferences are attributed to the semi-empirical calculations. Errors
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Fig. 9. H,'®0 intensity ratios between this work and the experiments of (a) Loos
Partridge and Schwenke [73]. Uncertainty on (a) is experimental.

are also observed in semi-empirical pure rotational H,80 intensi-
ties, which feature in GEISA2015.

In the far-infrared, intensities from our new H,60 line list and
the line list of Polyansky et al. (POKAZATEL) show excellent agree-
ment to two different experimental sources, one of which is not in
HITRAN2016.

For the mid-infrared spectrum of H,160, seven individual
sources provide intensities that cover 7000 - 8339cm~!. The
POKAZATEL line list over-estimates the absorption of the (031)
band by approximately 10%, seen in two of the seven studies.
POKAZATEL also underestimates the absorption of the 2v; band
by 3%. Our new line list accurately models these two bands and
intensities are within experimental uncertainties.

For H,!80, there is an increased amount of scatter in the in-
tensity ratios obtained from comparing with the Toth et al. data
within HITRAN2016 compared to what is obtained when consider-
ing Toth et al. H,'60 intensities. It is likely that this difference is
not of theoretical origin. Our new H,'80 line list also shows ex-
cellent agreement with the ab initio intensities from Partridge and
Schwenke, although it appears there is a small systematic shift in
all intensities.

We compared with three different experiments in HITRAN2016
that provide H,'60 intensities measurements in the near-infrared
spectrum. Our new line shows significant improvement in this re-
gion, up to 5-8% in many bands, notably (300), (003), (121), (102)
and (201). For H,'80, the near-infrared region in HITRAN2016 in-
cludes intensities coming from Tanaka et al. Intensity ratios show
a substantial 25% offset when compared against our line list. This
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et al. [6], (b) Toth et al. [3], (c) Tanaka et al. [72], and (d) the ab initio calculations of

shift is not observed when we compared to a different experiment
for H,160 that covers the same frequency range.

Water vapor absorption in the molecular Oxygen A band re-
gion which covers approximately 12000-13000cm~! currently re-
mains widely disputed. Comparisons of our new intensity cal-
culations to two independent experiments yields unconvincing
results; scatter is a dominant feature in all but the strongest
transitions.

Within the visible section of HITRAN2016, we could not com-
pare our calculated H,60 intensities to the experimental measure-
ments of Tolchenov et al. on a line-by-line basis as we question
the accuracy of their measurements below approximately 10-24 cm
molecule~!. Hence, we instead calculated cross-sections.

A recent atmospheric study in the visible [31] concluded that
HITEMP2010 provided better agreement to observation than the
POKAZATEL line list. When comparing cross sections from our new
H,160 line list to both HITRAN2016 and HITEMP2010 cross sec-
tions, our line list shows smaller residuals than what is obtained
when using POKAZATEL.

Line position differences were however observed in our com-
parisons to the HITEMP2010 database that are not replicated
through comparisons against HITRAN2016. This is due to contin-
ued improvements in semi-empirical potentials which provide bet-
ter line positions in HITRAN2016.

As we expected, very similar intensity ratios are obtained when
comparing our H,'%0 and H,'30 line lists to the same experimen-
tal source of Loos et al. The line lists were calculated using poten-
tials from the same source, as well as the same dipole moment
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Fig. 11. Comparison of our intensities to (a) the semi-empirical calculations of
Coudert et al. [75], and (b), the experimental measurements of Oudot et al. [76].

surface, hence all line lists should yield similar results across the
same bands.

Across the entire spectrum, our new H,60 and H,'80 line lists
are in excellent agreement with many experiments and offer sig-
nificant improvements in the prediction of numerous band intensi-

ties when compared to many H,'6180 line lists. It should prove to
be a useful resource for the future updates of transition intensities
within the HITRAN database, from the microwave to the visible.
For intensities in the (130) band, and other bands, where there is a
systematic offset against two different experiments, these ab initio
calculations would need to be scaled. Theoretical work is currently
on-going to further improve the visible spectrum H,'60. Each line
list is available in the supplementary material.
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