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a b s t r a c t 

Line lists are presented for six deuterated isotopologues of water vapor namely HD 

16 O, HD 

17 O, HD 

18 O, 

D 

16 
2 O, D 

17 
2 O and D 

18 
2 O. These line lists are prepared using empirically-determined energy levels, where 

available, to provide transition frequencies and high-quality ab initio dipole moment surfaces to provide 

transition intensities. The reliability of the predicted intensities is tested by computing multiple line lists 

and analyzing the stability of the results. The resulting intensities are expected to be accurate to a few 

percent for well-behaved, stable transitions. Complete T = 296 K line lists are provided for each species. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Deuterated water makes a small, but not insignificant, contribu-

ion to the absorption of light by water in the Earth’s atmosphere.

n particular deuteration leads to large shifts in transition frequen-

ies and therefore absorption by deuterated water often occurs in

hat are known as the water windows due to the absence of ab-

orption by H 2 O. In addition HDO spectra have long been used on

oth the Earth [1–9] and other planets [10,11] as a means to under-

tand their climatic evolution. The increased relative abundance of

euterium on Venus leads to particularly strong HDO spectra [12] .

DO is also well known in cometary spectra [13,14] . 

Remote sensing of species such as deuterated water relies on

ccess to comprehensive and reliable spectroscopic data. The 2012

elease of HITRAN [15] contains partial line lists for 16 O, 17 O and
8 O isotopologues of HDO but, as shown below, these lists all

ontain significant omissions. The situation with the recent re-

ease of GEISA is similarly deficient for HD 

17 O and HD 

18 O [16] ,

ut made extensive use of the recent dataset due to Mikhailenko

t al. [17] with which we compare below. 

D 2 O is only present in trace quantities in the earth’s atmo-

phere and, up until now, has not been included in HITRAN. How-

ver, the increased abundance of deuterium in planetary atmo-

pheres such as that of Venus means that the abundance of D 2 O
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hould also be enhanced. Enhanced D 2 O has already been observed

n the inner-region of low-mass protostars [18] and in the interstel-

ar medium [19] . Recently D 2 O has also been detected in comets

20] . 

Besides data stored in HITRAN and GEISA mentioned above,

here are a number of other, more extensive line lists available

or HDO [21,22] , D 2 O [23,24] or both [25,26] . However none of

hese line lists have the accuracy generally expected of spectro-

copic databases. This work presents new line lists for six isotopo-

ogues of water, namely HD 

16 O, HD 

17 O, HD 

18 O, D 

16 
2 

O, D 

17 
2 O and

 

18 
2 

O, which are designed to have the accuracy obtained in high

esolution spectroscopy experiments. These line lists combine the

mpirical energy levels derived by a recent IUPAC-sponsored task

roup [27–31] , with accurate ab initio transition intensities. The ap-

roach employed relies heavily on the work of Lodi and Tennyson

32] whose H 

17 
2 

O and H 

18 
2 

O line lists built in this fashion were

dopted in the 2012 update of HITRAN and have subsequently been

alidated in experimental studies [33] ; see also the discussion in

his issue by Birk et al. [34] . The aim of the present work is to

resent comprehensive line lists suitable for inclusion in spectro-

copic data bases. We note that a similar parallel effort has been

onducted for CO 2 [35] and its various isotopologues [36,37] . 

To ensure the best possible frequency predictions we have up-

ated the IUPAC lists of empirical energy levels using up-to-date

xperimental sources. In particular, for the HD 

17 O, HD 

18 O, D 

17 
2 

O

nd D 

18 
2 

O line lists we have taken advantage of very recent exper-

mental data recorded at the University of Science and Technology

f China, Hefei. These experiments are described in Section 3 , af-
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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ter we give the theoretical methodology. Results are presented in

Section 4 with our final, recommended line lists for each isotopo-

logue given in the supplementary material. 

2. Method 

The absorption intensity of a transition, in units of

cm/molecule, is given by the expression [38] 

I i f = 4 . 162034 × 10 

19 ω i f g i Q 

−1 (T ) 

×
[

exp 

(−c 2 E i 
T 

)
− exp 

(−c 2 E f 

T 

)]∣∣∣∣∑ 

α

〈 i | μα| f 〉 
∣∣∣∣

2 

(1)

where T is the temperature, c 2 is the second radiation constant,

ω i f = E f − E i is the transition frequency between the i th and f th

state (all in cm 

−1 ), and g i is the total degeneracy factor. Q ( T ) is the

partition function and the final sum represents the linestrength.

To calculate the linestrength requires the initial, | i 〉 and final, | f 〉
rotation-vibration wave functions as well the dipole moment sur-

faces (DMS), μα , for each component of the dipole. For water, the

DMS comprise a two-dimensional vector since there is no compo-

nent of the dipole perpendicular to the plane of the molecule. Eq.

(1) does not contain a factor for isotopic abundance. Below all re-

sults are presented assuming unit abundance of the given isotopo-

logue, unless otherwise stated in which case HITRAN abundances

are employed. 

To compute accurate rotation-vibration (RV) transition inten-

sities therefore requires a high accuracy DMS and accurate nu-

clear motion wave functions. Here we use the accurate ab initio

DMS of Lodi et al. [39] as represented by two separate fits: the

most complete fit LTP2011 and a fit with a reduced number of

constants, LTP2011S, which is used to check for problems due to

over-fitting [40,41] . Since the non-Born-Oppenheimer correction to

the DMS for water is known to be small [42,43] , the DMS used

here was computed assuming the Born-Oppenheimer approxima-

tion [39] . This means that the DMS should be equally valid for all

isotopologues of water. 

Wave functions and corresponding linestrengths were gener-

ated using the discrete variable representation (DVR) program suite

DVR3D [44] . DVR3D uses an exact representation of the nuclear

motion kinetic energy operator so that, within constraints of the

Born-Oppenheimer approximation, any uncertainty in the wave

functions is due to the potential energy surface (PES) used. As dis-

cussed below, two appropriate PES are employed for each system.

In principle DVR3D also yields the upper and lower energy levels

and hence the transition frequency for each transition. However,

these are more accurately determined experimentally and so em-

pirical data [27–31] , expanded by inclusion of the newly reported

energy levels (see below), are used where ever possible. 

At high accuracy, the uncertainty in the linestrength and hence

the transition intensity is dominated by the quality of the DMS.

However, experience shows that the wave functions can become

poorly determined in the region of accidental resonances between

nearby states of the same symmetry. In this situation the com-

puted intensity, particularly of weak transitions, can be very sensi-

tive to precise wave functions used and hence can depend strongly

on the underlying PES. For this reason the Lodi-Tennyson proce-

dure [32] involves computing four line lists using all combinations

of two distinct PES and two DMS. A scatter factor, ρ , is obtained

for each transition as the ratio between the strongest and weak-

est transition intensity. In the absence of any resonance interac-

tions these scatter factors are close to unity. They become large

in the region of a resonance, see Ref. [35] for an illustration of

this. Transitions with a large scatter factor have intensities not

well-determined by our theoretical procedure and their intensities
Please cite this article as: A .A . Kyuberis et al., Room temperature line 
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hould either be determined by alternative means or given a large

ncertainty. 

.1. HD 

16 O 

The most abundant deuterated water species is HD 

16 O so this

sotopologue required the most extensive variational calculations.

n initial studies on HD 

16 O [45] , we used a fitted PES [46] and

 high-quality ab initio one [47] . However this combination was

ound to give far too many (false) positives in identifying lines with

nstable intensities. It was decided that the two PESs were simply

oo different from each other to be useful for this analysis; it was

herefore necessary to compute new line lists based on improved

ESs. A similar conclusion was drawn for the studies on CO 2 , an-

ther molecule with a lot of resonances, by Zak et al. [35] . 

The base potential was the fitted HDO07 PES due to Yurchenko

t al. [46] . However, to allow for higher lying levels this poten-

ial was adapted by combining with a less accurate, global PES. To

o this we adopted a switching function of the form advocated by

arandas [48] . 

 global = V low 

f (E) + V up (1 − f (E)) . (2)

he function f ( E ) changes monotonically from 1 to 0 around

5,0 0 0 cm 

−1 over a region of about 10 0 0 cm 

−1 . V low 

was the

pectroscopically-determined PES of Yurchenko et al. [46] ; for V up 

e used a (less accurate) spectroscopically-determined PES con-

tructed to treat highly excited states of HD 

16 O up to 40 0 0 0 cm 

−1 

sing still to be published data from Boyarkin et al. [49] . Lower

eights were used for the fit for levels between 250 0 0 and

0,0 0 0 cm 

−1 . 

Using a purely ab initio surface for the second PES gave

esults which are two far away from the true answers (M.J.

owns, unpublished 2013). We therefore constructed a new global

pectroscopically-determined PES by fitting to a combination of the

UPAC empirical energy levels augmented by the new states men-

ioned above. This potential is also in the form of Eq. (2) . The V low 

n this PES reproduced the observed energy levels 50% less accu-

ately than the PES of Yurchenko et al. [46] making it highly suit-

ble for use in a Lodi-Tennyson stability analysis. 

Nuclear motion calculations were performed in Radau coordi-

ates with 30 Gauss–Laguerre DVR points in each radial coordi-

ate and 48 (associated)-Gauss- Legendre points in the angular co-

rdinate. Basis set parameters were taken from Yurchenko et al.

46] . For each rotational state J , two Hamiltonian matrices were di-

gonalized of dimension 10 0 0 × (J + 1) and 10 0 0 × J , depending

n their overall parity. Calculations were performed for J up to 23

ut we limited our consideration of intensities to transitions below

0 0 0 0 cm 

−1 as our available DMS is not good enough to improve

n the measured intensities at the highest frequencies [50] . 

.2. HD 

17 O and HD 

18 O 

Isotopic abundance factors mean that only strong lines belong-

ng to HD 

17 O and HD 

18 O are important for atmospheric studies.

his raises less issues with unstable intensities. For these species

ine lists generated by Down [45] were used. These line lists used

he HD 

16 O fitted PES [46] as their basis and the high-quality ab

nitio CVRQD PES [47] for the second potential. Further details can

e found in Down’s PhD thesis [45] . 

.3. D 2 O 

For D 2 O the base PES was that of Shirin et al. [24] which was

xplicitly developed for D 2 O. This PES gives high accuracy results:

ur calculations found that it reproduced the empirical levels be-

ow 15,0 0 0 cm 

−1 with J ≤ 10 with an rms of 0.023 cm 

−1 . Again a
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Table 1 

Summary of new line lists in comparison with data in HITRAN 2012 [15] ; N is the 

number of transitions contained in each list. 

isotopologue HITRAN 2012 This work 

coverage (cm 

−1 ) N coverage (cm 

−1 ) N 

HD 16 O 0–22,708 13237 0–19936 56430 

HD 18 O 0–3825 1611 0–120 0 0 10664 

HD 17 O 1234–1599 175 0–10703 6366 

D 16 
2 O – 0 0–12797 23195 

D 18 
2 O – 0 0–5455 3823 

D 17 
2 O – 0 0–5455 2202 
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i  
wo term PES in the form of Eq. (2) was used with V up taken from

 recent study on H 

16 
2 

O [51] . For the second PES we used a fitted

to H 

16 
2 

O data) mass-independent (Born–Oppenheimer) PES plus

diabatic and non-adiabatic corrections [51] . This PES reproduced

he same basket of empirical levels with an rms of 0.05 cm 

−1 . 

For D 

16 
2 

O transition frequencies up to about 25,0 0 0 cm 

−1 for

 up to 20 were considered. DVR3D calculations in Radau coordi-

ates used 29 radial grid points and 40 angular grid points. Vibra-

ional Hamiltonian matrices of final dimension 1500 were diago-

alized and for the full rotation-vibration Hamiltonian the matri-

es had dimension 300 × (J + 1) and 300 × J . D 

16 
2 

O showed rather

ew unstable lines. 

As only very strong lines are needed for D 

17 
2 

O and D 

18 
2 

O, a sin-

le line list was computed. This line list is based on the D 2 O PES

f Shirin et al. [24] and the LTP2011 DMS. Only J ’s up to 15 were

onsidered, otherwise the other DVR3D parameters were the same

s for D 

16 
2 

O. 

. New experimental data 

Fourier transform spectra of the deuterated water enriched by
8 O were recorded between 2088 and 6300 cm 

−1 in Hefei. The

pectra were measured with the Fourier-transform spectrometer

Bruker IFS 120 HR) equipped with a path length adjustable multi-

ass cell. The experimental conditions in the different regions have

een listed in Table 1 of Ref [52] . The line positions were calibrated

sing absorption lines of H 

16 
2 

O and HD 

16 O taken from the HITRAN

012 database. The accuracy of the line positions of unblended and

ot-very-weak lines was estimated to be better than 0.0 0 04 cm 

−1 .

The observed spectrum comprises transitions attributed to nine

ater isotopologues: H 

16 
2 

O, H 

18 
2 

O, H 

17 
2 O, HD 

16 O, D 

16 
2 

O, HD 

18 O, D 

18 
2 

O

D 

17 O and D 

17 
2 O. About 38 0 0 0 RV transitions were identified

sing previously known experimental energy levels and accurate

ariational calculations. A large number, 2880, of precise experi-

ental energy levels are derived for 21 vibrational states of HD 

18 O,

 

18 
2 

O, HD 

17 O and D 

17 
2 

O, about 20 0 0 of them are new. Full results of

his study will be published elsewhere [53] . These newly measured

ata are used in the present analysis for validation, refinement and

nlargement of the sets of experimental energy levels provided by

he IUPAC project. 

. Results 

Table 1 presents a summary of our results in comparison with

he 2012 release of HITRAN which contained no data on D 2 O iso-

opologues. The data presented for our line lists in the table uses

ntensity cut-offs suggested for HITRAN 2016 [54] which includes

n enhanced cut-off for D 2 O. The line lists are expected to be es-

entially complete at 296 K within this constraint. In practice con-

tructing our line lists required initial consideration of more, gen-

rally weaker transitions. Results for each isotopologue are dis-

ussed in turn below. 
Please cite this article as: A .A . Kyuberis et al., Room temperature line 
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.1. HD 

16 O 

The 2010 IUPAC study [28] derived a set of 8818 consistent ex-

erimental energy levels for HD 

16 O based on processing of 54 712

bserved RV transitions. Since then a number of studies have

ecorded HDO spectra using deuterated water samples [55–58] .

ery recently accurate measurements of the HD 

16 O line positions

nd intensities in 100 – 000 and 020 – 000 and 010 – 000 bands

ave been reported by Devi et al. [59,60] . Weak HDO lines have

lso been observed in the natural water measurements using high-

ensitivity experimental set ups [61–63] . All these new HDO tran-

itions together with earlier validated set [28] were used to en-

arge and improve the experimental energy levels set following the

ARVEL procedure elaborated in the IUPAC papers. A final set of

519 accurate HD 

16 O empirical energy levels were derived. Details

f this study will be published [64] . 

The line list computations gave 56 430 transitions between 0

nd 19,940 cm 

−1 above the abundance-weighted intensity thresh-

ld of 10 −29 cm/molecule. 

Our recommended line list was constructed by replacing

he transition wavenumber using the differences between the

mpirically-determined upper and lower energy levels where pos-

ible. As a result, 54 937 line positions out of the total of 56 430

re based on experimental data. A further 1493 transitions whose

requencies were determined using the variational calculations

ere assigned approximate quantum number label based on the

DO reference list reported by Lavrentieva et al. [22] , which leaves

nly 63 unlabelled transitions. Fig. 1 presents an overview of our

ew HD 

16 O line list. 

The HDO system is characterized by many resonance interac-

ions [65] . 10 476 out of 57 333, or 18% of the lines gave ρ ≥ 1 . 2

n our stability analysis. Although many of these transitions are

robably still stable, these transitions were assigned HITRAN un-

ertainty code 3 ( ≥ 20%). 

To check the quality of the line position and intensities, our

ecommended line list was compared both with original experi-

ental measurements, and with the HITRAN 2012 and GEISA 2015

atabases. The ratio between the very recent, accurate experimen-

al transition intensities for the 100 – 0 0 0 and 020 – 0 0 0 bands

n the 2560 – 2850 cm 

−1 spectral region [60] and variational esti-

ates is illustrated on Fig. 2 . Very good agreement between the

xperimental and calculated data is obtained. Defining the root

ean square (RMS) average as 100% × (I obs −I calc ) 
I obs 

for 200 transi-

ions, our predictions give an RMS of 4.4%, once the 8 worst out-

iers were excluded. Comparison of the experimental data with the

ell-known VTT HD 

16 O variational line list [21] and with the HI-

RAN 2012 database, which used Toth’s simulated intensities [66] ,

ields much worse RMSs of 12.4 and 20.2%, respectively. 

Fig. 3 presents a similar comparison of this work, HITRAN 2012

nd VTT for the 257 high quality measured transition intensities

or the 010 - 0 0 0 band [59] for which the experimental uncertainty

s stated to be ± 2%. RMSs of 4.1% for this work, 5.3% for VTT, and

.4% for HITRAN 2012 are obtained after removing 7 outliers. Off-

ets of respectively about −2 and +4% from the observed data are

bvious for our and the HITRAN 2012 intensities, which are again

ased on Toth’s results [66] . 

Our HD 

16 O line list contains 56 430 lines and is more than

 times larger than the 13 237 lines given in the HITRAN 2012

atabase; this represents an important increase and improvement

f the coverage for HD 

16 O over a wide, 0–19,940 cm 

−1 , spectral

ange, as illustrated by Fig. 1 . Line-by-line inter-comparison reveals

arge discrepancies both in positions, up to −1 . 56 cm 

−1 , and, es-

ecially prominent, up to 10 0 0% in line intensities between the

wo line lists. We believe our new line list represents a substantial

mprovement in both coverage and reliability. However, we note
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 1. Composition of our recommended line list for HD 16 O (upper panel) in com- 

parison with the data lying below 20 0 0 0 cm 

−1 provided by HITRAN 2012 (lower 

panel). 

Fig. 2. Ratio of HD 16 O line intensities at 296 K for various line lists with the accu- 

rate measurements of the ν1 band by Devi et al. [60] . 

 

 

 

 

 

 

 

Fig. 3. Ratio of HD 16 O line intensities at 296 K for various line lists with the accu- 

rate measurements of the ν2 band by Devi et al. [59] . 

Fig. 4. Comparison between HD 16 O line lists: ratio of this work to GEISA [16] . 

n  

d  

t  

o  

t  

w  

l  

d

 

a  

b  

s  

t  

l  

a  

v  

h  

h  

i  

w  

r

 

b

that HITRAN 2012 also contains some data on transitions above

20,0 0 0 cm 

−1 . 

GEISA 2015 includes an updated set of HD 

16 O transitions,

mostly, based on empirical positions, while the intensities largely

comprise a mixture of variational VTT [21] , and SP [40] data, as

well as older measured and simulated values. In total, 53 707

HD 

16 O transitions are given which can be compared to 56 430 in

our list. Detailed line-by-line comparison of both databases shows
Please cite this article as: A .A . Kyuberis et al., Room temperature line 
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early perfect agreement in line positions with just a couple of

ozen outliers. In contrast to line positions, the agreement for in-

ensities is much poorer. The intensity ratio between GEISA and

ur newly calculated intensities is illustrated in Fig. 4 . Large distor-

ions of the intensity ratio up to tens and even hundreds percent

ere encountered. Inspection of the situation shows that these

arge discrepancies mostly concern comparison with older GEISA

ata simulated using an effective Hamiltonian approach. 

The variational VTT line list [21] is recognized to be the most

ccurate variational calculation for HD 

16 O reported so far. It has

een used, for example, to study the HDO composition in atmo-

pheres of Earth [67] and other planets [22] . It is therefore useful

o compare the intensities given by VTT with those of our new line

ist. Fig. 5 shows the intensity ratio for HD 

16 O transitions from VTT

nd those reported here. It can be seen that the intensity ratios are

ibrationally dependent. The most prominent disagreements, up to

undreds of percent, are found for the 100 – 000 band which is

ighlighted on Fig. 5 . Some systematic deviations for the strongest

ntensities were found also for the 010 – 0 0 0 and 0 0 0 – 0 0 0 bands,

hich are also highlighted. We suggest that these deviations reflect

esidual problems with the VTT line list. 

Finally, Fig. 6 compares a portion of our line list with that given

y HITRAN 2012. 
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 5. Comparison between HD 16 O line lists: ratio of the variational VTT line list 

[21] to this work. 
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Table 2 

Summary of new experimental data on HD 18 O rotation-vibration 

transitions. 

Source Number of lines Spectral region (cm 

−1 ) 

11LiSoNiHu [68] 1313 989–2148 

12LeMiMoKa [62] 8 7151–7304 

12MiNaNiVa [55] 5531 60 0 0–9182 

12DoTeOrCh [57] 983 6092–6925 

13LeMiMoKa [63] 234 6092–6598 

12OuReMiTh [69] 923 1069–1863 

14LiNaKaCa [56] 1328 5860–6802 

16YuPeDrMi [70] 105 15–162 

16MiLeKaMo [71] 498 6038–6666 

17VaNaScBy [53] 9185 2105–6300 
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.2. HD 

18 O 

Since publication of the IUPAC study [28] in 2010 where val-

dated transitions and energy levels for the HD 

16 O, HD 

18 O, and

D 

17 O were reported, a large number of new data on RV transi-

ions of these molecules have appeared. An update of the IUPAC

ata will be released soon [64] ; below we employ a preliminary

ersion of these empirical energy levels. 
Fig. 6. Comparison of 296 K HD 16 O spectra given by the current line list (up) with HIT

Please cite this article as: A .A . Kyuberis et al., Room temperature line 

Radiative Transfer (2017), http://dx.doi.org/10.1016/j.jqsrt.2017.06.026 
The new data sources used to update the HD 

18 O RV levels be-

ond those reported in the IUPAC study [28] are given in Table 2 .

n total, 28 787 transitions, corresponding to 17 262 unique tran-

itions, were validated between 0 and 12,0 0 0 cm 

−1 . This should

e compared to 8729 (7191 unique) transitions reported for HD 

18 O

n the IUPAC study. Fig. 7 illustrates the HD 

18 O transitions whose

requencies could be empirically determined using the previous IU-

AC study and by our present study. 

A set of 3628 energy levels was derived from the updated set of

D 

18 O transitions following the MARVEL procedure [72,73] , while

nly 1895 energy levels were determined in the IUPAC study [28] .

easonable vibrational and rotational quantum numbers were as-

igned to all experimental energy levels based on the extensive

alculations within the effective Hamiltonian (EH) approach [74] .

hese energy levels combined with line intensities available from
RAN 2012 [15] (down). Intensities assume unit abundance for each isotopologue. 

lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 7. Comparison between HD 18 O line lists based on empirically-determined line 

positions from the IUPAC [28] and the present work. 

Fig. 8. Composition of our recommended line list for HD 18 O. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Deviations between the empirical and variational energy levels for HD 18 O. 
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recent variational calculations were then used to generate the ac-

curate and detailed “empirical” absorption list of HD 

18 O consisting

of about 102 0 0 0 lines between 0 and 12,110 cm 

−1 with intensities

greater than 10 −27 cm/molecule for 100% isotopic abundance. 

The position accuracy estimate is given for every transition ob-

tained as square root of sum of squared uncertainties of the upper

and lower energy level provided by the MARVEL procedure. Details

of the EH empirical list construction will be published separately,

and can partly be found in Ref. [75] . 

To prepare the resulting absorption list in HITRAN format, the

total variational list was then cut in accordance with the HD 

18 O

natural abundance weighted intensity threshold. This gave a set

of 10 664 transitions between 0 and 10 730 cm 

−1 . Comparison

of this set with the list of empirical transitions allows the vari-

ational line positions to be replaced by an empirically derived

one for all but 152 transitions which lie between 80–650 and

10,460–10,730 cm 

−1 . Fig. 8 illustrates the number of empirical and

pure variational transitions accepted in the resulting list for HD 

18 O

molecule. 

An RMS deviation between the experimental and variational en-

ergy levels was found to be of 0.04 cm 

−1 , while the largest abso-

lute deviation is 0.14 cm 

−1 , as illustrated by Fig. 9 . As the pure

variational line positions lie inside spectral regions containing the

empirically-determined transition frequencies (see Fig. 8 ), it can

be supposed that the accuracy of 152 yet to be observed varia-
Please cite this article as: A .A . Kyuberis et al., Room temperature line 

Radiative Transfer (2017), http://dx.doi.org/10.1016/j.jqsrt.2017.06.026 
ional positions is comparable with deviations between variational

nd observed transitions falling in the same region: about 0.03 and

.10 cm 

−1 in the 80–650 and 10,460–10730 cm 

−1 spectral regions,

espectively. 

It is much more difficult to estimate the accuracy of variational

ntensities used in the resulting list. However, the Lodi-Tennyson

rocedure [32] allows one to identify unstable calculated intensi-

ies. Those intensities which had a scatter factor ρ larger than 2

ere deemed as unstable. An analysis of the unstable intensities

hows that they are mostly caused by the inaccuracy in the deter-

ination of the corresponding wave functions in case of two RV

ransitions coming on the upper energy levels in close resonance.

hen, the inaccuracy of the PES used is responsible for the unsta-

le intensities. As has already been noted [65,76] , distortions up to

 orders of magnitude between the observed and calculated varia-

ional intensities can be encountered in cases of intensity borrow-

ng between the strong and weak transition. 

For HD 

18 O, only 105 lines (about 1%) of the total 10 664 have

> 2; a HITRAN accuracy code “4” (10–20%) is assigned for in-

ensities in this case, while the other transition intensities were

stimated to be accurate within 2–5% (code “6”) which represents

 rather cautious choice given the accuracy of typical variational

alculations for water performed using a high accuracy DMS [34] . 

HITRAN 2012 [15] contains only 1611 HD 

18 O transitions which

ll lie between 0 and 3825 cm 

−1 . Below 333 cm 

−1 these transitions

ame from the JPL database [77] and involve the 0 0 0-0 0 0 and 010-

10 pure rotational bands. Above 1179 cm 

−1 they came from Toth’s

mpirical SISAM database [66] and comprised the ν1 , ν2 and ν3 

undamental bands. Comparison between our list and Toth’s data is

uite satisfactory: an RMS of only 0.0 0 0 018 cm 

−1 for line positions

nd an average intensity ratio of 0.97 for 659 lines. 

A more extensive comparison can be made between our HD 

18 O

ine list and the recent 2015 release of GEISA [16] . The new HD 

18 O

ine list contained in GEISA 2015 was constructed as follows. The

04 highly accurate experimental microwave and far infrared lines

rom Johns [78] and Steenbeckeliers, as given by Lovas [79] , were

sed in the 0–200 cm 

−1 region. The positions of the other lines

ere derived from the experimental energy levels obtained in

efs. [53,55,68,80] , while all intensities are given by variationally-

alculated values based on Schwenke and Partridge (SP) potential

nd dipole moment surfaces [25,40] as computed by Tashkun (see

ww.spectra.iao.ru). In total, GEISA 2015 includes 9760 transitions

f HD 

18 O. 

The HD 

18 O in GEISA and here are largely empirical lists of fre-

uencies based on the similar sets of energy levels. The agree-

ent between line positions is quite satisfactory with an RMS of
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 10. Comparison between HD 18 O lines positions measured by Yu et al. [70] and 

those from this work and GEISA 2015 [16] . 

Fig. 11. The intensity ratio between variational intensities for HD 18 O reported here 

and those from GEISA 2015 [16] . 
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Table 3 

Summary of new experimental data on HD 17 O rotation-vibration 

transitions. 

Source Number of lines Spectral region (cm 

−1 ) 

11LiSoNiHu [68] 1661 1113–1929 

12PuCaGa [83] 128 2–51 

12LeMiMoKa [62] 8 7151–7304 

12MiNaNiVa [55] 726 6120–8709 

15MeMiTy [84] 184 323–521 

14LiNaKaCa [56] 171 6085–6799 

16MiLeKaMo [71] 498 6038–6666 

17VaNaScBy [53] 2210 2509–6297 

Fig. 12. Comparison between HD 17 O line lists based on empirically-determined line 

positions from the IUPAC [28] and the present work. 
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.001 cm 

−1 , provided that 27 outliers between 0.03 and 0.75 cm 

−1 

re excluded. However, the highly accurate line positions from the

ecent far infrared study of Yu et al. [70] disagree with those

dopted in GEISA 2015 by significantly more than the declared un-

ertainty of 1 × 10 −6 − 6 × 10 −6 cm 

−1 , with an RMS deviation of

.0 0 018 cm 

−1 . Conversely, the match with our line positions is per-

ect, see Fig. 10 . 

As all the HD 

18 O transition intensities in GEISA 2015 database

riginate from variational calculation of Partridge and Schwenke,

hen comparison with our values reduces to comparison of two

alculated variational data sets. However, as it is obvious from

ig. 11 , there are important disagreements between the SP and our

alculated intensities for the ν1 and ν3 fundamental bands. Most

rominent deviations (up to an intensity ratio 1.5) are observed for

eak ν1 lines below 5 × 10 −28 cm/molecule. Comparisons with ac-

urate experiments for H 2 O [34,81,82] suggest that for transitions

hich are identified as stable, our variational procedure should

ive intensities within 10% even for troublesome bands. 

.3. HD 

17 O 

The HD 

17 O data set validated by the IUPAC study [28] was very

imited; it consisted of 483 (442 unique) transitions between 0 and

674 cm 

−1 belonging to the pure rotational 0 0 0-0 0 0 band and the

fundamental band. Our set of HD 

17 O transitions was consider-
2 

Please cite this article as: A .A . Kyuberis et al., Room temperature line 

Radiative Transfer (2017), http://dx.doi.org/10.1016/j.jqsrt.2017.06.026 
bly enlarged by involving the new data from eight sources listed

n Table 3 . In total, the new set includes 6077 transitions (4933

nique) spanning the 0–8709 cm 

−1 spectral region. A compari-

on between the previously reported [28] and our newly processed

ata is shown in Fig. 12 . The total number of the energy levels de-

ived is 1620, which is ten times larger than the 162 energy levels

or the 0 0 0 and 010 vibrational states reported previously. An em-

irical line list was constructed from the experimental energy lev-

ls and intensities provided by the variational calculation in the 0–

899 cm 

−1 spectral region consisting of 46 964 transitions stronger

han 10 −28 cm/molecule for 100% HD 

17 O. 

Similar to HD 

18 O, four variational lists were computed and used

o identify unstable transitions. These lists were cut in accordance

ith natural isotopic abundance, and the standard HITRAN 296K

ntensity threshold. The resulting line list consists of 6366 transi-

ions between 0 and 10 703 cm 

−1 . Inspection of ρ for each transi-

ion led to the identification of 69 (1.1%) transitions whose inten-

ities are unstable, for which the HITRAN accuracy codes for the

ntensities were chosen between “2” and “5” in accordance with

he value of ρ . For the majority of transitions the intensity accu-

acy code “6” i.e. 2–5% is selected. 

The frequencies in the best variational line list were changed to

mpirical ones for majority of transitions leaving only 585 transi-

ions with variational positions. The composition of the resulting

D 

17 O list is illustrated on Fig. 13 . As for HD 

18 O, the HITRAN accu-

acy code for empirical position was determined as square root of

um of squared uncertainties of the upper and lower energy level

rovided by the MARVEL procedure. 

The experimental energy levels involved in the final transition

ist and the variational data show an RMS deviation of 0.054 cm 

−1 

nd a maximum deviation of 0.21 cm 

−1 for the 1177 energy levels

nvolved. We can then assume that the accuracy of pure variational
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 13. Composition of our recommended line list for HD 17 O. 

Fig. 14. Summary of HD 17 O in the HITRAN 2012 [15] and GEISA 2015 

[16] databases, and in the present study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Composition of our recommended line list for D 16 
2 O. 
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positions should be no worse than 0.1 cm 

−1 on average and hence

give an HITRAN accuracy code “2”. 

It should be noted that both HITRAN 2012 and GEISA 2015 in-

clude only 175 HD 

17 O transitions of the ν2 band between 1234 and

1599 cm 

−1 , see Fig. 14 . These lines agree with our data with RMS

of only 0.0 0 02 cm 

−1 , but clearly do not give full coverage for this

isotopologue, nor indeed include its most intense transitions. 

4.4. D 

16 
2 

O 

As there is an enhanced deuterium abundance in various as-

tronomical environments such as the atmosphere of Venus it

was decided to consider D 2 O lines weaker than the standard

HITRAN cutoff. The natural abundance-weighted intensity cutoff

above 20 0 0 cm 

−1 was reduced to 10 −32 cm/molecule with propor-

tionate changes at lower wavenumbers. For 100 % D 

16 
2 

O this gives

an effective cutoff of 4 . 13 × 10 −25 cm/molecule. 

Unlike HDO, the IUPAC study [30] achieved a rather thorough

coverage of the D 

16 
2 

O energy levels of interest to us here; in part

this is due to the large number of transitions assigned in spec-

tra of hot D 2 O [85–87] .The experimental energy levels reported by

Serdyukov et al. [88] were used to improve the variational posi-

tions above 10,0 0 0 cm 

−1 . As a result it was only necessary to use

200 lines with ab initio frequencies out of a total of 23 195 in-

cluded in our final line list. Given the accuracy of the underlying
Please cite this article as: A .A . Kyuberis et al., Room temperature line 

Radiative Transfer (2017), http://dx.doi.org/10.1016/j.jqsrt.2017.06.026 
pectroscopically-determined PES used to generate these lines, we

ould estimate their predicted frequencies to be accurate to about

.04 cm 

−1 , giving them a HITRAN uncertainty code of “2”. Uncer-

ainties in the other line frequencies were based on the MARVEL

ncertainties of the upper and lower energy levels. For levels only

haracterized by hot emission spectra these uncertainties can be

elatively large. Fig. 15 presents a summary of our recommended

 

16 
2 

O line list. 

The scatter factor considers all line with ρ > 1.2 as less reliable.

ince there is no ready data to replace the intensities for these

ines, they were retained but given a HITRAN uncertainty code 3

 ≥ 20%). We note that use of this low value of ρ is extremely con-

ervative. However, this only gave 1080 unstable lines out of the

otal 23 915 or about 4.6 %. This low number of even marginally

nstable lines is the basis on which it was deemed that the much

maller number, and hence inherently much stronger, lines of D 

17 
2 

O

nd D 

18 
2 

O are all stable. 

.5. D 

17 
2 O and D 

18 
2 

O 

With the lower intensity cutoff for D 2 O it is also necessary

o consider strong transitions involving D 

17 
2 O and D 

18 
2 

O. For these

pecies the lowered cut-off translates to 1 . 08 × 10 −21 and 2 . 01 ×
0 −22 cm/molecule for 100% D 

17 
2 

O and D 

18 
2 

O, respectively. As can

e seen from Table 1 , this leads to the retention of a few thou-

and lines for each isotopologue. As these lines are all intrinsically

trong, the issue with large changes in intensity due to resonances

oes not arise. All these strong lines were assumed to be stable

nd the results taken from a single line list. 

In contrast to D 

16 
2 

O, the number of empirical energy levels re-

overed by the IUPAC task group for D 

17 
2 

O and D 

18 
2 

O [30] is com-

aratively low. The new experiments that have recently been per-

ormed in Hefei [53] on these species result in the assignment of

ransitions to a large number of previously uncharacterized energy

evels. As can be seen from Fig. 16 , these new data allow the fre-

uencies of transitions within several new bands to be obtained

mpirically for the first time. 

Use of these new data sources meant that it was possible to get

mpirical frequencies for a high proportion of the transitions. This

eant that for 692 line positions out 2202 for D 

17 
2 

O and 100 out of

823 for D 

18 
2 

O are estimated from the variational calculations. The

redicted frequencies have an estimated accuracy of about 0.04

m 

−1 , giving them a HITRAN uncertainty code of “2”. This figure

s in line with the RMS which the calculations reproduce the ob-

erved transitions for these species. Fig. 16 presents a summary of

ur recommended line lists for D 

17 O and D 

18 O. 

2 2 

lists for deuterated water, Journal of Quantitative Spectroscopy & 
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Fig. 16. Composition of our recommended line lists for D 17 
2 O(upper) and D 18 

2 O 

(lower). 
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Fig. 17. Ratio of our recommended line intensities for HD 16 O transitions to the em- 

pirical values recommended by Mikhailenko et al. . [17] . 
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.6. Further comparisons 

Recently Mikhailenko et al. [17] presented a detailed database

f water isotopologue line positions and intensities covering 5850–

341 cm 

−1 , based on a combination of experimental studies and

ariational calculations. In this section we compare our recommen-

ations with theirs. 

Overall there is very good agreement in positions between us

nd Mikhailenko et al.. For HD 

16 O, the empirical line positions

eported by them give an RMS difference of only 0 0 077 cm 

−1 

ompared to ours once 4% of the lines, which are the largest

utliers, are excluded. Over half, about 240, of these excluded

D 

16 O line positions appear to originate from unpublished empir-

cal lines/energies employed by Mikhailenko et al.. Similar RMSs

f 0.0 0 087 and 0.0 0 073 cm 

−1 for HD 

18 O and HD 

17 O lines, respec-

ively. 

Of 11,018 HD 

16 O lines given by Mikhailenko et al. [17] , experi-

ental intensities are provided for 4958 transitions, the other in-

ensity values were based calculations due to Schwenke and Par-

ridge (SP) [40] . These calculations have been well-used but can

o longer be regarded as state-of-the-art. The empirical set of in-

ensities includes 1180 values taken from Toth’s SISAM database

66] which are based on Fourier transform spectroscopy (FTS)

easurements of deuterium-enriched samples between 6131 and

515 cm 

−1 . A further 3778 transition intensities, for lines be-

ween 5895 and 8330 cm 

−1 , were derived from a series of cav-

ty ring-down spectroscopy (CRDS) measurements of natural wa-
Please cite this article as: A .A . Kyuberis et al., Room temperature line 

Radiative Transfer (2017), http://dx.doi.org/10.1016/j.jqsrt.2017.06.026 
er [61–63,89,90] . The CRDS HDO transitions are, mostly, weak

nd very weak, and the measured intensities do not appear to

e highly accurate. Fig. 17 displays the intensity ratio between

ur recommended intensities and the empirical values included in

ikhailenko et al.’s line list. A RMS of 7.5% is obtained for compar-

son of our and Toth’s intensities once about 7% of the largest out-

iers are dropped. Our intensities exceed Toth’s by about 8%, this is

lso true for SP [40] and VTT [21] calculated intensities. These dif-

erence are in line with comparisons with SISAM data for the main

sotopologue [91] which are the main reason that SISAM intensity

ata is no longer used in HITRAN. Much worse is the comparison

ith the CRDS intensities; these have an RMS difference of 20%

nce the 10% largest outliers are removed. As could be anticipated,

he comparison between the SP intensities adopted by Mikhailenko

t al. our calculated set is much better with RMS of 4.5% for best

atched 95% of the 5946 lines we compared. This figure is still

arger than our average uncertainty for these lines. 

We note the large and erratic dispersions in the intensity ra-

ios between our variational calculations and the CRDS experimen-

al intensities, and note the general agreement between our and

revious calculated intensities. We suggest that this problem may

e due to insufficiently accuracy of the experimental data rather

han issues with the calculations. Experience with use of varia-

ional calculations to give accurate intensities has shown that for

ccurate experimental data and problematic computed intensities

he dependence of the I obs / I calc ratio on vibrational and rotational

uantum numbers generally behaves in a regular fashion [34] . The

DO line intensities sets reported by Mikhailenko et al. . represent

ither a mixture of the experimental (including low accuracy) data

ith SP variational calculated values (their dataset SM 1 ) or pure

ariational SP or VTT values dataset (SM 2 ). We believe that our in-

ensities represent an improvement in accuracy compared to the

lder SP and VTT simulations. This is confirmed by comparisons

ith the accurate experimental data performed in this study and

lsewhere [34,39,82] . Our intensities set is also more consistent

ompared to the mixture of experimental and calculated data pro-

osed by Mikhailenko et al. 

. Conclusion 

In this paper we present comprehensive line lists for deuterated

sotopologues of water constructed based on the use of frequencies

erived from empirically-determined energy levels, where avail-

ble, and ab initio transition intensities. These line lists have the

irtue of being complete for the intensity cutoffs specified at
lists for deuterated water, Journal of Quantitative Spectroscopy & 
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296 K. We also believe that in nearly all cases they represent the

best available data for these isotopologues; the exception being the

cases where there are direct, high accuracy measurements of indi-

vidual lines. We therefore recommend that these line lists be used

as the basis of deuterated water data in future releases of atmo-

spheric databases. 

Of course the process of constructing line lists is one of con-

tinuous improvement. Work on improving and extending the list

of empirical energy levels for water using the MARVEL procedure

is ongoing [64] . Furthermore, recent comparisons with high qual-

ity experiments for H 2 O [34] have suggested areas where the ab

initio intensity predictions should be further improved. Work in

this direction is currently underway. Finally, improvements in the

model, and in particular the potential energy surface, used to com-

pute vibration-rotation wave functions will reduce problems with

unstable transition intensities are due poorly treated resonance in-

teractions; this will allow a greater proportion of the transition in-

tensities to be computed reliably ab initio . 

This work, when combined with the previous study by Lodi and

Tennyson [32] on H 

17 
2 

O and H 

18 
2 

O means that hybrid, HITRAN-style

line lists are now available for all the minor isotopologues of water.

Some work in this direction has been performed on H 

16 
2 

O [34] but

this will be the subject of further study. 
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