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a b s t r a c t

An experimental infrared spectrum due to Orphal and Ruth (2008) [10] recorded using isotopically
enriched water in the 6000–7000 cm�1 region is analysed and assigned. The assignment procedure is
based on the use of known transition frequencies for H2

16O and H2
18O, existing variational line lists for

HD16O and D2
16O, and newly calculated variational line lists for HD18O and D2

18O. These new variational
line lists are presented herein. The main absorption comes from HD16O and HD18O, for which there are
few previous assignments in the region. Assignments to 426 new HD18O lines are presented. In all
3254 of the 4768 lines observed in the spectrum are assigned, resulting in a number of newly determined
energy levels. These assignments are in agreement with the recent work of Mikhailenko et al. (2012) [41].

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Whilst the spectra of the primary isotopologue of water is well
documented [1] there remain gaps in the knowledge of the less
abundant water species [2,3]. Although less significant than
H2

16O, the understanding of these rare isotopologues remains
important for both terrestrial and stellar atmospheric modelling
as well as the completeness of spectroscopic databases. For exam-
ple isotopologue abundances are often used to trace atmospheric
processes since isotopic variations can be caused by specific atmo-
spheric drivers such as cometary and meteorite deposits at the top
of the atmosphere. Thus, for example, the trace water isotopologue
HD18O has been observed both in the Earth’s atmosphere [4] and in
the interstellar medium [5], where isotopic abundances vary sig-
nificantly. In addition, data on isotopically substituted water is
essential for the development of theoretical models and in partic-
ular helps to characterise effects due to the failure of the Born–
Oppenheimer approximation which remains one of the major
sources of uncertainty in spectroscopic calculations on water
[6,7]. Water isopologue abundances also provide unique informa-
tion on the atmospheric water cycle [8,9].

Recently Orphal and Ruth [10] obtained a high resolution
absorption spectrum of a mixture of D2

16O and H2
18O gases. While

this mixture was designed to maximise the presence of HD18O, it

actually contains significant quantities of five other isotopologues
of water, namely H2

18O, HD16O, H2
16O, D2

18O and D2
16O in decreas-

ing order of estimated abundance. The spectrum of H2
16O is well

characterised in the 6000–7000 cm�1 range [11–14]. H2
18O, the

second most abundant naturally occurring isotopologue of water
is also well studied in this region [12,14–16]. Conversely the
HD18O, D2

18O and HD16O show yet to be assigned transitions in
this spectral region.

For H2
18O [2], HD16O and HD18O [3] an IUPAC task group (TG)

has provided a comprehensive evaluation of the state of knowledge
of the spectroscopy of these species. These compilations provide
precise, experimentally-determined energy levels using the so-
called MARVEL procedure [17] for these species where possible.
These levels provide an excellent starting point for making spectral
assignments. Where the upper state energies are yet to be deter-
mined experimentally it is possible to use variational line lists to
simulate the spectrum and hence to make spectral assignments.
There are reliable line lists available for HD16O [18] and H2

18O
[19]. For HD18O Tomsk [20] provide a line list avilable online based
on work by Partridge and Schwenke [21,22], which has been previ-
ously employed in similar analyses of this region [23,24] contained
in the IUPAC TG dataset. However this was found to be reliable at
only the strongest intensities and our own HD18O line list was sub-
sequently computed as part of this work.

The situation for D2
16O and D2

18O is less clear cut. The IUPAC TG
is yet to report on doubly deuterated water isotopologues but, in any
case, these are less well characterised spectroscopically than the
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other species considered here. However some as yet unpublished
D2

16O features and around 300 D2
18O lines have been assigned in

this region by the work of Mikhailenko et al. [25]. Furthermore
Ormsby et al. [26] reported assignments of nearly 1800 transitions
for D2

16O. Accurate experimental lower levels are also available
both for D2

18O [27,28] and D2
16O [29]. For D2

16O there is a particu-
larly accurate variational line list available due to Shirin et al. [30].
Although there is an online D2

18O line list available from Tomsk
[20] a new one was computed as part of this work.

This paper is structured as follows. The experimental data avail-
able is outlined in Section 2. Section 3 gives the methodology used
for our analysis and presents the variational line lists used for the
assignments. The results of the analysis and our new assignments
are summarised in Section 4. Extensive data sets arising from this
work have been placed in the Supplementary data.

2. The observed spectrum

Orphal and Ruth [10] recorded a spectrum in the 6000–
7000 cm�1 region with a spectral resolution of 0.02 cm�1 using a
combination of high resolution Fourier Transform (FT) spectros-
copy and incoherent broadband cavity-enhanced absorption spec-
troscopy (IBBCEAS) [31,32]. It should be noted that this spectral
resolution does not limit the precision of line positions except in
the case of blended lines.

For the measurement the cavity was filled with a gas mixture of
8.0 mbar D2

16O and 12.4 mbar H2
18O. It was let to react for some

time at 296 K. The resulting relative abundances of each water iso-
topologue (listed in Table 1) can be estimated by employing simple
statistical arguments based on the partial pressures. It should be
noted that fractionation effects, possible presence of contaminants
and differential absorption by the walls have been ignored in mak-
ing these estimates. Over 4700 spectral peaks were observed in the
spectrum to a precision of 0.002–0.004 cm�1 (in the case of strong
isolated lines, in a region with good signal-to-noise ratio). However
the strongest lines are affected by saturation, which causes slight
broadenings and distortion. The resolution to which saturated
and/or blended line positions can be determined will therefore
be lower.

The water isotopologue HD18O has been studied before in this
spectral region by different techniques with typical absorption
path lengths of up to 100 m [13,16]. The absorption sensitivity of
FT-IBBCEAS (1r noise equivalent absorption coefficient at
6504.35 cm�1 equals 2.3 � 10�5 cm�1) in combination with the
presence of D2O in the cavity results in the observation of a large
number of new absorption features in the spectrum which are
notably due to the water isotopologues listed in Table 1. The spec-
trum provides an excellent starting point for the assignment of the
listed species, in particular for HD18O, for which the m1 + m3,
2m1 + m2, 2m2 + m3 triad is centred on this window as can be seen
in Fig. 1.

However, the information on line intensities in the spectrum is
of rather limited use in the analysis, because absolute intensities

are affected by a varying degree of saturation of the strongest lines
for the given concentrations of species, especially in the region
above 6800 cm�1. It should also be noted that the signal-to-noise
ratio is a function of wavenumber in the spectrum, due to the
monotonically varying reflectivity of the cavity mirrors across the
spectral range [10]. This leads to effective absorption pathlengths
of �33 m at 6200 cm�1, �58 m at 6350 cm�1, �180 m at
6500 cm�1, and �370 m at 6680 cm�1. Hence, over broad spectral
ranges, e.g. many hundreds of wavenumbers, the experimental
technique exhibits a gradually varying sensitivity in terms of the
maximally achievable signal-to-noise ratio (which moreover also
depends on the photon flux from the light source); this fact should
however not affect the line intensities per se.

3. Analysis

Our approach for assigning the previously unobserved lines in
the spectrum is to first identify and remove previously observed
lines from the experimental line list. This was done by comparison
with spectroscopic databases [3,33]. As shown below, this step also
allowed us to calibrate the observed spectrum.

While traditional methods of spectral analysis employ combi-
nation differences (CDs) as the major method for assigning spectra,
the large number of lines, presence of six different species and the
fact that line positions could only be determined to 0.002 cm�1

meant that the danger of false positive CD’s is high. Lack of resolu-
tion in general exacerbates this problem, since estimated preci-
sions are lower for blended lines. Conversely, the accuracy of
computed line lists allows assignments to be made confidently
by comparison with calculations. New assignments were therefore
made by comparison with variational line lists for which a combi-
nation of published [18,30] and newly computed lists were used.
Checks and further assignments were then made using CD’s.

These procedures are detailed in the following subsections.

3.1. Data sources

Since the spectra of H2
16O and H2

18O are well documented at the
wavelengths and intensities required spectroscopic data taken from
HITRAN [33] was initially used for these species. This proved insuf-
ficient to identify all the H2

18O lines and the analysis for this species
was repeated using a new H2

18O line list due to Lodi and Tennyson
[19]. This line list was calculated using DVR3D [34], the very recent
spectroscopically-determined potential energy surface (PES) of

Table 1
Experimental (Expt.) and natural abundances for the six water isotopologues present
in the gas mixture of Orphal and Ruth [10]. The experimental abundances are
estimated statistically.

Isotopologue Expt. Natural

HD18O 0.290 6.23 � 10�7

H2
18O 0.225 1.99 � 10�3

HD16O 0.186 3.11 � 10�4

H2
16O 0.145 0.977

D2
18O 0.093 4.90 � 10�11

D2
16O 0.060 2.42 � 10�8
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Fig. 1. The combination of selected data sources for the six isotopologues of water
in the 6000–7000 cm�1 region. Intensities are scaled by the estimated experimental
abundances given in Table 1 and the dashed line indicates the intensity cut off.
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Bubakina et al. [35], and the high accuracy LTP2011 dipole moment
surface (DMS) of Lodi et al. [36]. This line list has the unusual feature
that the computed energy levels are replaced by empirically-deter-
mined ones from the IUPAC TG [3] where possible.

Partition functions for H2
16O, H2

18O, HD16O and HD18O were ta-
ken from HITRAN, but otherwise there is no HITRAN data to aid the
line assignments of the rarer isotopologues and thus other line lists
had to be found. The partition function for D2

16O was taken from
Shirin et al. [30] whilst a value for D2

18O was taken from Tomsk
data on line.

For D2
16O the line list of Shirin et al. [30] was used. This is also

based on DVR3D calculations and an empirical PES. This line list
claims an accuracy of 0.023 cm�1 and our assigned line positions
agreed with the observations within a 0.04 cm�1 error. There is
also a D2

16O line list available from Tomsk [20] which is based
on the PES and DMS of Partridge and Schwenke [21,22]. Compari-
son showed that this line list was much less reliable for all but the
strongest lines. Use of Tomsk line lists was therefore not pursued.

For HD16O the VTT line list of Voronin et al. [18] was used to
make assignments. This line list was calculated using DVR3D, a
semi-empirical PES [37] and the CVR DMS [38]. In each case a small
constant frequency shift was necessary in order to bring each line
list into agreement with observation. These shifts resulting from a
combination of a small systematic experimental error and, for the
theoretical line lists, any systematic error associated with the cal-
culations will be examined further below.

3.2. Variational calculations

Line lists for HD18O and D2
18O, were computed as part of this

work using DVR3D [34].
Calculations for HD18O were based on the previous work of

Voronin et al. [18,37] on HD16O. Our calculations were performed
up to J = 14 in Radau coordinates with input parameters derived
from the tested values of Voronin et al. [18]; this ensured conver-
gence of results well above the energies considered here. Their
empirically tuned HD16O PES [37] was also used and intensities
were calculated using the LTP2011 DMS [39]. The computed line
list compared well with the available HITRAN data and to our
knowledge is the best currently available for this isotopologue.
The entire 296 K HD18O line list between 0 and10000 cm�1 has
been placed in the Supplementary material.

Calculations for D2
18O were carried out using the PES of Shirin

et al. [30] in their variational calculations for D2
16O, with masses

appropriate for D2
18O. Again the LTP2011 DMS was used [39]. Cal-

culations were performed up to J = 15 in symmetrised Radau coor-
dinates with DVR3D input parameters based on the D2

16O
calculations of Shirin et al. The computed line list proved useful
in assigning the spectrum and we believe it to be more accurate
than the line list of Tomsk on line. We therefore include the entire
296 K D2

18O line list between 0 and 10000 cm�1 in the Supplemen-
tary material.

A spectrum in the 6000–7000 cm�1 region for all the selected
line lists appear in Fig. 1 where all intensities are scaled by the
experimental abundances. It is clear from this figure that D2

16O
and D2

18O provide very little of the absorbed intensity in this spec-
tral region. Furthermore the peak of H2

16O and H2
18O intensities

are found towards the high wave number end of the region and
as a result the main absorption comes from the HD16O and
HD18O isotopologues.

3.3. Method

Statistical arguments suggest the experiment involves six possi-
ble isotopologues in the approximate abundances shown in Table 1.
To account for these relative abundances the intensities of all lines

used in the analysis were scaled by these factors and a uniform
intensity cut off applied at 3 � 10�25 cm/molecule. This left 5472
lines in total from all sources to be included in the analysis. This
cut off was chosen to provide enough lines to account for all ob-
served features whilst minimising the line density of the spectrum.

As a starting point a line list was constructed which simulated
the experimental observations. This used data from HITRAN 2008
and the chosen variational calculations. The process of removing
known lines was based on a direct matching routine which com-
pares positions of observed peaks and known lines within a fre-
quency interval, with the possibility of a constant frequency shift
being applied. The chance that lines match coincidentally is
deemed to be small for the line density of this spectrum and the
small frequency intervals employed. The presence of a large num-
ber of matches found within a small frequency interval was used to
determine an appropriate shift for each line list and the matching
frequency range was then trimmed correspondingly to minimise
the chance of coincidental matches. The presence of structure in
the residuals, see Figs. 3 and 5, supports the validity of matches
as the visible rotational structure of the assigned lines correlates
to rotational structure in the residual plots. This is to be expected
as with these types of variational calculations mobs � mcalc errors
vary smoothly with J, Ka and Kc [40]. In some cases vibrational
structure is also visible.

At this point several considerations should be noted. Firstly
there is potential for blended lines and many blended pairs are
noted below. However weak lines contributing less than 9% of
the intensity of a pair have been ignored and are not assigned here.
Secondly, while weaker lines may be hidden by a blend, or indeed
if very weak, by noise, it should be possible to account for all of the
strong observed peaks with the compiled data set. These consider-
ations in part explain the excess of unassigned weak observed
peaks at the end of the analysis whilst the vast majority of strong
lines are accounted for. Finally, it is possible when employing this
strategy that previously unobserved features can be missed when
they coincide with known lines and are blended. In this scenario
the known line is matched to the observed peak which is removed
from the observed data before new features are looked for. In some
cases the known line may actually be the part of a pair of blended
lines and leave us with a strong predicted feature which is not as-
signed to an observation.

As a final verification of our assignments all new upper energies
were checked via CD relations.

4. Results and discussion

4.1. Initial analysis

Lines belonging to the well documented H2
16O isotopologue

were the first to be analysed using the 566 lines with intensities
greater than the threshold taken from HITRAN [33]. The plot of
the residuals given in Fig. 2 clearly shows a shift of mobs -
� mHITRAN = �0.019 cm�1 between the observed and HITRAN posi-
tions for the vast majority of assigned lines. Correcting this shift
and using a matching interval of 0.015 cm�1 assigned 304 H2

16O
lines including 10 blended lines.

The remaining observed lines were then compared with the
H2

18O line list [36]. Again the vast majority of assigned lines
showed residuals of around mobs � mLodi = �0.019 cm�1 as shown
in Fig. 2 and it was necessary to correct this shift. A matching fre-
quency interval of 0.015 cm�1 was again used for the assignment.
From the initial set of 704 H2

18O lines predicted above the intensity
cut off, 346 lines including 31 blends were assigned to H2

18O. It
should be noted that since we made no new assignments to
H2

18O all line positions in the line list for this species are effectively
experimental ones [19].
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Author's personal copy

The presence of the same small shift in both these cases indi-
cates a small systematic experimental error of �0.019 cm�1 which
is within the experimental resolution of 0.02 cm�1. This was con-
sidered in all subsequent assignments and all our results were
re-calibrated by this value.

Next features belonging to the doubly deuterated isotopologues
were removed from the spectrum. First the strongest 295 lines from
the D2

16O line list and a matching frequency interval of 0.04 cm�1

were used. The 265 line assignments of which 40 are blended were
dominated by the t1 + t2 + t3 band. These calculations required a
further constant shift of �0.045 cm�1 as well as the systematic
experimental error correction. The extra shift is roughly comparable
to the quoted band error for t1 + t2 + t3 at mobs � mcalc = 0.02 cm�1

[30]. The residuals for these assignments show rotational structure,
see Fig. 3. In particular, these features clearly correlate with the P, Q
and R branch structure of the assigned lines.

Our variational calculations for D2
18O predicted 337 lines above

the intensity cut off in this region. The assignment was carried out
within a 0.03 cm�1 interval, no shift being necessary following the
usual recalibration. Of these calculated lines 233 could be assigned
directly to observations including 38 blended lines. Again the
residuals show the expected rotational structure as seen in Fig. 3.

The VTT line list, used to assign the observed HD16O features,
predicts 1692 lines above the intensity cut off in the region. Assign-
ment was carried out with a �0.035 cm�1 shift applied to the cal-
culations. Again the shift was comparable to the quoted band
errors in the calculations [37] (typically 0.018 cm�1). A 1284 lines
were matched including a number of new assignments, and 305
blended lines. Again the residuals show rotational structure as
shown in Fig. 5 and several vibrational bands can be seen.

Finally our HD18O line list predicts 1952 lines stronger than the
intensity cut off in the 6000–7000 cm�1 region. This resulted in
1224 assignments including 406 blended lines. The calculations re-
quired a shift of �0.04 cm�1 after recalibration and a frequency
interval of 0.06 cm�1 was used in making assignments. Again the
rotational structure of the residuals can clearly be seen in Fig. 5

where structure due to several vibrational bands can also be
identified.

An assigned and labelled sample of the spectrum is shown in
Fig. 4 with arbitrary intensity units for the continuous experimen-
tal spectrum. In this region all of the main features are assigned.
Here the assignment process is obvious. For the sake of clarity
assignments are plotted with the observed position rather than
that calculated. The analysis left 1514 unassigned lines shown in
Fig. 6 against the original 4738 observed lines. It is clear that the
majority of strong lines are either already assigned or are assigned
for the first time in this work.

The results are summarised in Table 2. The number of lines as-
signed to each isotopologue reflect their respective abundances in
the experiment and the general features of Fig. 1. It should also be
noted that the blended pairs quoted only refer to blends within a
single isotopologue. Blends between isotopologues have not been
explicitly treated here and so it is possible that HD18O features
have been missed in favour of the other isotopologues (predomi-
nantly HD16O). As an example switching the order of the final
assignment of HD16O and HD18O species suggests as many as
200 lines are blended between these two species.

4.2. New assignments

An observed line list, both original and recalibrated, with
assignments is given in the Supplementary material; these results
are summarised in Table 3. No new assignments were made for
H2

16O. This is unsurprising as the spectrum of this species is al-
ready well documented. For H2

18O no new lines were observed
and indeed the energy levels involved are well documented by
the IUPAC TG [2,3]. Assignments for HD16O and HD18O were com-
pared against the existing IUPAC TG data, taken as the latest com-
pilation of reliable assignments, to remove known assignments. It
should be noted at this point that for HD16O the vibrational label-
lings provided for the upper levels by Voronin et al. [18] were not
in agreement with those of the IUPAC TG data for 30 transitions.
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Fig. 2. Upper: Residuals of observed – HITRAN line positions for H2
16O (left) and the assigned H2

16O features which were removed from the analysis (right). Lower: Residuals
of observed �MARVEL line positions for H2

18O (left) and the assigned H2
18O features removed from the analysis (right).
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As expected there were many (426) new assignments for HD18O
not present in IUPAC TG dataset although all but 29 HD16O assign-
ments were already present. The previous work of Ormsby et al.
[26] in this region assigns all the D2

16O transitions observed here,
however for D2

18O 174 new assignments were made to comple-
ment the work of Mikhailenko et al. [25].

4.3. Labelling

An effort has been made to fully label the previously unob-
served transitions which predominantly belong to HD18O, with
standard but approximate normal mode, rigid rotor labels. The var-

iational calculations used only employ rigorous quantum numbers
for the energy levels, namely J and p for HDO, as well as ortho/para
for H2O and D2O. This is sufficient to assign new spectral features.
However in order to fully label newly observed energy levels, aug-
menting the calculated rigorous quantum numbers with normal
vibrational modes and Ka and Kc quantum numbers is necessary.

For both HD16O and D2
16O the line lists [18,30] already have

approximate labels which for D2
16O are adopted here. However

in the case of HD16O, labels from the VTT line list were found to
be inconsistent with the IUPAC TG data for 30 transitions and for
these we adopt the IUPAC TG labellings.

Labels for HD18O assignments came from the necessarily la-
belled energy levels of the IUPAC TG [2,3]. These were matched
with the DVR3D calculated energy levels based on rigorous quan-
tum numbers and energies as Fig. 7 shows. Levels were matched
within +0.1 and �0.04 cm�1 of a curve fitted quadratically to the
error trend as a function of frequency. The only consideration here
was that of degenerate Ka = 0, 1 and Kc = J energy level pairs which
could not be matched uniquely automatically. The figure shows
well-defined vibrational and rotational structure which should be
expected with calculations of this type and therefore supports
the labellings. This process labelled all observed energy levels ex-
cept a handful of upper energies which are therefore observed
for the first time. These unlabelled levels could therefore poten-
tially give rise to further line assignments via CD’s.

For the D2
18O assignments lower labels were provided by com-

parison with an established set of lower energy levels from Ref.
[27]. Upper labels could then be found by comparison with the
published levels of Mikhailenko et al. [25] in many cases.

4.4. Combination differences and energy levels

All new assignments have been checked via combination differ-
ences on upper energy levels and agreement only accepted better
than 0.1 cm�1. This involves using a set of reliable experimental
lower energy levels and the set of assigned transitions to compute
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6509 6509.5 6510 6510.5 6511 6511.5

 ν  (cm
-1

)

1e-23

2e-23

3e-23

4e-23

5e-23

6e-23

7e-23

I 
(c

m
/m

ol
ec

ul
e)

02
1 

 2
2 

1 
3 2 

2

11
1 

 2
0 

2 
1

0 
1

10
1 

 7
1 

7 
8 0 

8

02
1 

 3
0 

3 
4 0 

4

10
1 

 1
0 0 

10
 10

1 
9

10
1 

 8
1 

7 
9 1 

8

10
1 

 7
1 

6 
8 2 

7

10
1 

 9
2 

8 
10

1 
9

10
1 

 7
0 

7 
8 0 

8

10
1 

3 1 
2 

4 2 
3

10
1 

 2
1 

2 
3 2 

1

02
1 

 2
2 

0 
3 2 

1

10
1 

 7
2 

6 
8 1 

7

21
0 

 9
4 

6 
9 5 

5
10

1 
 1

0 1 
10

 11
1 

11

10
1 

7 0 
7 

8 1 
8

11
1 

 6
2 

4 
6 2 

5

02
1 

8 2 
7 

8 2 
6

10
1 

 1
3 1 

13
 13

10
1 

 1
0 0 

10
 11

1 
11

10
1 

 7
1 

7 
8 1 

8

10
1 

 1
3 0 

13
 13

1 
12

10
1 

 1
0 0 

10
 11

0 
11

HD
18

O

HD
16

O

D
2

16
O

Fig. 4. An assigned and labelled sample of the spectrum between 6509 and
6511.5 cm�1. The continuous line represents the observed spectrum whilst sticks of
different colour represent each isotopologue. The intensity scale refers to the
calculated lines given as the height of the sticks. Labels are given in the format
t001t002t003 J0K 0a K 0c

J00K 00a K 00c
where

0
and

00
represent lower and upper states respectively. Note

the blended pairs of assignments arising from doublets.

M.J. Down et al. / Journal of Molecular Spectroscopy 282 (2012) 1–8 5



Author's personal copy

all possible upper energies. All occurrences of a labelled upper en-
ergy level should then agree to within a certain limit. Bad agree-

ment was initially checked for blends and, especially for weak
lines, a number of tentative assignments were removed.
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Table 2
A summary of the initial analysis indicating for each isotopologue present the number
of lines included in the analysis, being above the intensity threshold of 3 � 10�25, the
number of lines observed in the spectrum,the number of lines thought to be blended
with others from the same species and the reference of the sources used in each case.

Isotopologue Included Assigned Blended lines Line list reference

H2
16O 566 304 10 HITRAN [33]

H2
18O 704 343 28 Lodi et al. [36]

HD18O 1952 1224 406 This work
HD16O 1692 1284 305 VTT [18]
D2

18O 337 233 38 This work
D2

16O 295 265 40 Shirin et al. [30]
Totals 5546 3653 827

Table 3
A summary of assignments made for each isotopologue. The number of new
assignments and labellings are noted.

Isotopologue Assigned New Labelled

HD18O 1224 426 1224
HD16O 1284 29 1284
D2

18O 233 174 195
Totals 2741 629 2703
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Fig. 7. Residuals of matching between fully labelled MARVEL energy levels and our
DVR3D calculations based on rigorous quantum numbers as well as energy.
Matches were made within +0.1 cm�1 and �0.05 cm�1 of a quadratic fit (green).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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For HD16O and HD18O the IUPAC energy levels were used as a
basis and CD’s required to agree to within 0.1 cm�1, in keeping
with the largest experimental errors we expect. For HD18O a total
of three assignments with deviations between 0.1 cm�1 and
0.12 cm�1 were permitted on the basis that weak blended lines
have greater experimental uncertainties. For D2

18O the lower levels
of Liu et al. [27] were employed and all CD’s found to agree better
than 0.1 cm�1, over 99% having agreement better than 0.05 cm�1.
The process of CD checking upper energies provides a list of all
upper levels assigned. These levels are available as part of the Sup-
plementary material and are presented alongside the number of
transitions to which they belong and the average square CD error
of the level. Cases for which an energy level only belongs to one as-
signed transition are also included but noted as unconfirmed by
CD’s. These assignments must be regarded as less secure.

The results of the CD’s analysis are summarised in Table 4 for
each isotopologue. Newly observed energy levels were found for
the isotopologues HD18O, HD16O and D2

18O.

5. Conclusions

Our analysis has made a large number of assignments to the six
primary water isotopologues. For HD18O and D2

18O many of the
transitions prove to be previously unobserved. Energy levels are
also observed for the first time for these two isotopologues and
an effort has been made to provide the standardised labels for
the new assignments and energy levels where possible. CD’s has
also been employed to check our assignments which are predom-
inantly based on line list comparisons.

The assigned spectrum with all assignments (existing and new)
and all known labels is provided in the Supplementary material.
We hope it to be of use in any future analysis of this spectral region
and a valuable part of any spectroscopic database. Additionally we
provide the labelled energy levels and their CD statistics for each
isotopologue which should also be of use in further spectral anal-
ysis of these isotopologues. All transitions frequencies are re-cali-
brated by the addition of 0.019 cm�1 to the observed frequencies.
This recalibration therefore also corresponds to corrected upper
state energies as a result of CD’s.

Over 3200 of the observed peaks have been assigned represent-
ing the vast majority of strong features in the spectrum leaving.
The remaining 1514 features could be due to trace species such
as H2

17O or minute quantities of contaminants that may have been
present in the water samples. However, following the comparison
of the remaining features with the HITRAN data for H2

17O yielding
assignments to only a handful of weak lines, assignment of this
species was not pursued.

After completion of this work Mikhailenko et al. [41] presented
an analysis of an isotopically enriched water spectrum in the
6000–9200 cm�1 region recorded using a Fourier Transform spec-
trometer set up as detailed in Refs. [42,43]. Their sample had a
higher proportion of deuterium than the one analysed here and
gave estimated concentrations of 0.1558 and 0.7368 for HD18O
and D2

18O, for which they found respectively 2596 and 3436 lines
in the entire region they studied. Comparison with our results
shows very substantial overlap and agreement between the two

studies. Indeed the majority of our claimed new transitions were
also observed by Mikhailenko et al. Only 26 transitions of HD18O
and 38 transitions of D2

18O assigned here are not present in their
analysis. Furthermore no new upper levels are observed for
HD18O and only 36 new upper levels are observed for D2

18O rela-
tive to the recently published work of Mikhailenko et al. Vibra-
tional labellings for HD16O were also found to differ between
Mikhailenko et al. and this work in two cases.

A detailed comparison between the measurements highlights
frequency discrepancies between the two spectra which are great-
er than the claimed accuracy of the Mikhailenko et al.; this is likely
to be due to blending and saturation effects in the present experi-
ment. This is realised by a number of upper level inconsistencies
up to 0.12 cm�1 for HD18O and 0.1 cm�1 for D2

18O. In a small num-
ber of cases this gives rise to discrepancies between derived upper
levels and those of Mikhailenko et al. larger than the claimed accu-
racy of 0.015 cm�1.
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