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Line position and line intensity analyses are carried out for the H2
18O isotopic species of the water molecule.

Both data sets involve the five lowest lying vibrational states. For the line position analysis, the data set
includes infrared and far infrared transitions recorded in this work using high-temperature Fourier transform
emission spectroscopy. Also included are already published infrared, far infrared, microwave, terahertz,
Doppler-free combination differences, and kHz accuracy lines. The fitting is carried out with the Bending-
Rotation approach and allows us to reproduce 12 858 line positions involving levels with J ≤ 20 and Ka ≤
18, with a unitless standard deviation of 1.9, varying 207 spectroscopic parameters. For the line intensity
analysis, far infrared line intensities measured in this work using Fourier transform spectroscopy in addition to
previously measured line intensities are fitted. 5 612 line intensities are accounted for with a unitless standard
deviation of 1.5. The results from both analyses are used to build a line list for atmospherical purposes
spanning the 2 to 5000 cm−1 spectral range and containing 7 593 lines. This line list as well as calculated
energies and line intensities are compared to those already published.

I. INTRODUCTION

As the most abundant isotopic species of water after
the main one, the H2

18O species is a very important
molecule used in many fields, mostly as a tracer. As such,
it has been applied to the understanding of the Earth’s
climate,1 to assess microbial activity through stable iso-
tope probing,2 to unravel interstellar water chemistry,3

and to study terrestrial stratospheric chemistry.4 In par-
ticular, the relationship between H2

18O isotopic abun-
dance and the temperature makes this species of partic-
ular importance to investigate the climate variability.5,6

As most of these results are obtained using spectroscopic
techniques, very accurate spectroscopic databases should
be available for the H2

18O species.
The H2

18O species, as the main and H2
17O isotopo-

logues, is also challenging from the theoretical point of
view as it is a nonrigid system displaying a so-called
anomalous centrifugal distortion7 due to the large ampli-
tude nature of its bending mode. For this reason, theoret-
ical approaches designed for semi-rigid molecules, such as
the Watson-type Hamiltonian,8–11 fail to accurately re-
produce its energy levels and alternate approaches were
developed. These include variational approaches based
on ab initio calculations,12–14 fully effective approaches
based on experimental energy levels such as those used
in the early15,16 and recent17,18 high-resolution spec-
troscopic investigations of water, and the effective 4-D
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Bending-Rotation approach19–24 used in the present in-
vestigation.

In the current contribution, we present a line position
analysis of a large body of data involving the five low-
est lying vibrational states of H2

18O, namely, the (000),
(010), (020), (100), and (001) states, where (v1, v2, v3)
denotes the vibrational quantum numbers for the sym-
metrical ν1 and ν2 modes at 3649 and 1588 cm−1, respec-
tively, and the asymmetrical ν3 mode at 3741 cm−1. In
addition to available high-resolution measurements, the
fitted data contains infrared (IR) and far infrared (FIR)
lines retrieved in this work using high temperature emis-
sion spectra recorded by Fourier transform spectroscopy
(FTS). The fitted data are divided into three sets. The
first set includes experimental energy levels; the second
one, IR and FIR lines; and the third one, corresponding
to highly accurate measurements, includes ground state
combination differences25 microwave (MW) lines,26–28

terahertz (THz) transitions,29 and kHz accuracy transi-
tions measured recently.30 The analysis, carried out with
the Bending-Rotation fitting Hamiltonian,19–24 allows us
to reproduce 12 858 data with a unitless standard de-
viation of 1.9 up to J = 20 and Ka = 18. The ac-
curate third set of measurements are reproduced with
root-mean-square (RMS) deviations ranging from 28 to
315 kHz. A line intensity analysis of absorption transi-
tions involving the same vibrational states is also pre-
sented. FIR absorption line intensities measured in this
work using FTS were fitted in addition to previously mea-
sured line intensities. 5 612 line strengths are accounted
for with a unitless standard deviation of 1.5.
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Combining the line position and line intensity analyses,
the present investigation led to a new set of rovibrational
levels, line positions, and line intensities and to a new
spectroscopic line list up to the First Triad for H2

18O.
The new set of rovibrational levels and line intensities are
compared to the so-called W2020 experimental levels of
Furtenbacher et al.18 and to the line intensities of Conway
et al.,31 respectively. The new database is compared to
the line lists built in these two references.

The paper has five remaining sections. Section II is
the experimental section where the spectra recorded in
this work are presented along with the line assignment
procedure. In Section III, theoretical results concerning
the Bending-Rotation approach are briefly recalled. The
line position and line intensity analyses are carried out
in Section IV where the line list is also built. In Sec-
tion V, comparisons between the results obtained in this
work and in previous investigations are performed for the
rovibrational energies, line intensities, and the line list.
Concluding remarks are given in Section VI.

II. EXPERIMENTAL SPECTRA AND ASSIGNMENT

Both the high-temperature emission and the room-
temperature absorption spectra used in this work were
recorded by FTS. Throughout the paper, rovibrational
levels were assigned using the labeling scheme of Furten-
bacher et al.18

A. High-temperature emission spectra

Line positions were retrieved from four high-
temperature emission spectra recorded in different spec-
tral intervals, between 300 and 4500 cm−1, listed in
Table I. The I–IV emission spectra were recorded at
the Molecular Spectroscopic laboratory of the Justus-
Liebig-University (JLU) of Giessen with a Bruker IFS 120
Fourier transform spectrometer.32 These spectra were ob-
tained as part of a long standing project devoted to the
high-resolution spectroscopy of water isotopologues.33–36

A detailed description of the emission cell as well as other
experimental details are given in Ref. 37. As indicated
in Table I, Spectra I and II span the rotational range,
Spectrum III, the ν2 band range, and Spectrum IV, the
range of the 2ν2, ν1, and ν3 interacting bands. Overviews
of Spectra I, III, and IV are displayed in Fig. 1 while
smaller portions are shown in Fig. 2. The spectral res-
olution (defined as the inverse of the Maximum Optical
Path Difference) varies between 0.005 and 0.015 cm−1

while the pressure is in the range 10 to 16 mbar. Esti-
mated values of the temperature range between 1100 and
1680◦C.

Note that the isotopic abundance of water vapor
strongly varies in the four analyzed spectra: the H2

18O
relative abundance is close to its normal value, 0.2%, in
Spectrum II, but exceeds 50% in the 18O enriched Spec-

tra I and IV. The relative abundances of water isotopo-
logues were estimated by comparison of the line inten-
sities for the same transitions. In Spectrum II, already
used in a previous investigation,38 90 additional transi-
tions could be assigned for H2

18O in the present analysis.
The SyMath SpectrumFit software39 was used for the

line shape fitting and determination of the spectral line
parameters. This software allows very accurate line po-
sition retrievals in high density spectra with overlapping
lines.37 The H2

16O line positions from the W2020 line
list18 were used for the frequency calibration of the four
emission spectra.

Altogether, more than 3100 H2
18O emission lines were

assigned in the four high-temperature emission spectra,
from 322 to 4400 cm−1, up to J = 29 and Ka = 18, in
eighteen bands including pure rotational and vibration-
rotation (VR) bands. In the sample spectra shown in
Fig. 2 the rovibrational assignments are indicated for
all water isotopologues. The analysis presented in this
work is restricted to transitions with J ≤ 20 involving
the five lowest lying vibrational states. Figure 3 shows
schematically the VR levels involved. The line assign-
ment was performed using the variational line lists40,41

computed by S. A. Tashkun,42 based on the results of
Schwenke and Partridge,12,43 hereafter referred to as the
“SP line lists,” and empirical values of VR levels known
from previous studies. For assignment purposes, the vari-
ational positions of the lines (σSP) were replaced by their
corresponding empirical values (σEmp) calculated using
known empirical energies of the VR levels. The assign-
ment procedure took into account a set of differences be-
tween the variational and empirical positions of the lines
(dσ = σSP − σEmp) depending on the rotational num-
bers J and Ka. As a rule, these dσ differences form
smooth regular series. In fact, this method allows us
to estimate the line positions with an accuracy of a few
10−2 cm−1. When possible, the identification of new up-
per energy levels was supported by the combination dif-
ference method (CD) of the lower state energies. Other-
wise, in regions with a high density of spectral lines and
in the absence of CDs, predictions based on the Bending-
Rotation approach were used for the assignments.

B. Fourier transform absorption spectra

For the line intensity measurements, 225 lines assigned
to 238 rotational lines within the ground, (010), and
(020) vibrational states of H2

18O were observed in a far
infrared absorption spectrum of water vapor highly en-
riched in 18O and referred to in Table I as Spectrum V.
The spectrum was recorded in the 40–700 cm−1 region
on the AILES beam line of the SOLEIL synchrotron
facility with a water vapor pressure of 4 mbar. Ex-
cept for the pressure value, the experimental conditions
given in Table I were identical to those of the spectrum
recorded at 0.97 mbar analyzed by Mikhailenko et al.44

The 18O enrichment of the water sample (from Euriso-
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Table I. Experimental conditions of the emission and absorption water spectra recorded at JLU-Giessen and SOLEIL syn-
chrotron, respectively.

Spectrum Resolution (cm−1) Temperature (◦C) Pressure (mbar) Range (cm−1)

Approximate H2
18O

abundance in %
Emission

I 0.005 1250 15 322–522 >50
II 0.0055 1100 16 380–860 0.2
III 0.005 1303 9.9 1136–1795 ∼23
IV 0.015 1680 16 1680–4500 >50

Absorption
V 0.00102 23 4 40–700 97

top) was approximately 97%, the absorption pathlength
was set to 151.75 m, and the spectral resolution was
about 0.001 cm−1. We did not perform a systematic
retrieval of the line parameters from the 4 mbar spec-
trum but focused on newly observed lines or on lines
measured with an improved signal-to-noise compared to
the 0.97 mbar spectrum of Mikhailenko et al.44 The max-
imum value of the J and Ka rotational quantum numbers
for the transitions assigned in this spectrum are respec-
tively 22 and 14, 17 and 10, and 10 and 6 for rotational
transitions assigned within the ground, (010), and (020)
vibrational states, respectively.

III. FITTING APPROACH

The Bending-Rotation approach has been used in
many investigations of the main19–24,45,46 and H2

18O iso-
topic species47 of water, and will be utilized in the present
investigation. The success of this approach applied to
H2

16O has been recently demonstrated by validation
tests on the basis of FIR spectra recorded at Synchrotron
SOLEIL.48 The Bending-Rotation approach relies on a
simultaneous treatment of the large amplitude bending
mode and of the overall rotation. An effective Hamil-
tonian, based on the exact Hamiltonian of a triatomic
molecule written with Radau coordinates,49,50 is used.
This effective Hamiltonian can be applied to any C2v

species and depends on various spectroscopic constants to
be determined through the fitting of high-resolution spec-
troscopic data. A first version of the Bending-Rotation
approach was developed to deal with the low lying (000)
and (010) vibrational states of water.19–21 A second ver-
sion allowed us to deal with the higher lying First Triad
(020), (100), and (001) and Second Triad (030), (110),
and (011) interacting states.22–24

In this second version of the Bending-Rotation ap-
proach, used in the present investigation, the Schrodinger
equation for the bending mode and the overall rotation
is solved for each stretching-type state. These states are
identified with the integer v which for the present set
of states satisfies 0 ≤ v ≤ 2. The ground stretching-
type state (v1 = v3 = 0) and first excited symmetrical
stretching-type state (v1 = 1 and v3 = 0) correspond to

v = 0 and 1, respectively. The antisymmetrical excited
stretching-type state (v1 = 0 and v3 = 1) corresponds
to v = 2. The spectroscopic parameters used in the sec-
ond version involve the kinetic energy constant Bve , the
potential energy constants V vi , with 0 ≤ i ≤ 6, and the
distortion constants defined in Eq. [33] of Lanquetin et
al.22 The Fermi and Coriolis couplings in the First and
Second Triads lead to bending-rotational coupling opera-
tors between stretching-type states characterized by dif-
ferent values of v. The corresponding coupling constants
are B01

e , V 01
2 , B02

e , B12
e , and the distortion constants in

Eqs. [34]–[36] of Lanquetin et al.22 In the present inves-
tigation, the bending Hamiltonian matrix is setup using
the basis set functions θαβn (t) in Eq. (4) of Coudert,19

with 0 ≤ n ≤ nMax, where for each stretching-type state
nMax is set to 24. The bending-rotation matrix is setup
using 11 (7) bending wavefunctions for the v = 0 and 1
(v = 2) stretching type-states.

Line strengths can also be computed with the
Bending-Rotation approach using a transition moment
function51,52 expanded in terms of bending and rota-
tional operators. This transition moment depends on a
set of spectroscopic parameters to be determined through
the fitting of experimental line strengths.20,53 In conjunc-
tion with the second version of the Bending-Rotation ap-
proach, lines involving any vibrational states up to the
Second Triad can be dealt with.45

IV. ANALYSES

A. Line position analysis

The fitted data are divided into three sets.

• The first one consists of previously available ex-
perimental levels16,38,54 of the First Triad with
0 ≤ J ≤ 19. In order to improve the determination
of the bending potentials, the vibrational energy of
five states17 above the First Triad were added to
this first set with an experimental uncertainty of
0.005 cm−1.

• The second data set contains the experimental data
obtained in this work (Section II A) and previously
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Figure 1. Three emission FTS spectra analyzed in this work.
Upper, middle, and lower panels are Spectra I, III, and IV of
Table I, respectively.

published FIR and IR transitions.16,38,44,54–59 The
latter were recorded using either room temperature
absorption spectroscopy16,44,54–59 or high temper-
ature emission spectroscopy.38 In this second data
set, identical transitions reported in different inves-
tigations were not removed.

• The third data set includes the most accurate
measurements.25–30 It consists of the microwave
measurements of De Lucia et al.,26 Belov et al.,27

and Golubiatnikov et al.28 The data reported by De
Lucia et al.26 including the earliest measurements

Figure 2. Detailed view of the high-temperature emission
FTS spectra analyzed in this work for several narrow spectral
intervals. From top to bottom portions of Spectra I, III, and
IV, respectively. The assignments are color coded depending
on the isotopologue: black for H2

16O (label 161), orange for
H2

17O (171), and pink for H2
18O (181).

of Powel et al.60 and Steenbeckeliers and Bellet.61

This third set also contains the high-accuracy THz
frequencies recorded by Matsushima et al.,29 the 9
ground state combination differences obtained by
Doppler-free spectroscopy by Gambetta et al.,25

and 124 ground state combination differences ex-
tracted from the kHz accuracy transitions mea-
sured recently by Diouf et al.30 using the Doppler-
free Lamb-dip technique.

Line position data of the three sets were introduced in
a weighted least-squares fitting program in which each
data point was given a weight equal to the inverse of its
experimental uncertainty squared. For the 124 ground
state combination differences built from the frequencies
reported by Diouf et al.,30 the uncertainty was calcu-
lated as the sum of the experimental uncertainty of the
two lines used. Unresolved K-type doublets were treated
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Figure 3. Sets of rotation-vibration J ≤ 20 levels of the H2
18O

First Triad used for the present analysis.

as in Section 4 of Coudert.20 The total number of data is
12 858 for the line position analysis and the unitless stan-
dard deviation of the fit is 1.9. The 207 fitted spectro-
scopic constants are listed in a table available in the sup-
plementary material. The analysis results are described
using the RMS deviation of the measured minus calcu-
lated residuals and the unitless χ2. This number, referred
to as STD in Section 3.2.1 of Coudert et al.,45 should be
close to 1 when experimental data are fitted within their
stated accuracy. For the three data sets, the results are
as follows.

For the first set, analysis results are summarized in
Table II for each vibrational state. The five additional
vibrational states17 do not appear explicitly in this table
but were taken into account for the first set results given
in the last line of the table. 52 energy levels, mostly from
Mikhailenko et al.38 and Liu et al.,54 with too large resid-
uals compared to their uncertainty, were excluded from
the analysis. For this first data set, the largest residual is
0.056 cm−1 for the 191,19 (001) rotational level reported
in Liu et al.54 with an uncertainty of 0.005 cm−1. Sev-

Table II. Analysis results for experimental energy levelsa

State Reference J Ka N χ2

(000) 16 and 38 18 17 304 2.3
(010) 16, 38, and 54 19 11 395 1.9
(020) 54 16 10 141 2.1
(100) 54 15 9 187 1.5
(001) 54 19 9 212 2.4
All 16, 17, 38, and 54 19 17 1244 2.0

a The reference from which experimental energies were taken, the
maximum J- and Ka-values, the number of fitted levels N , and
the value of χ2 are given for each state.

eral levels excluded from the previous analysis47 could
be included in the present data set because they were
more satisfactorily reproduced. This is the case of the
1716,1 (000) level displaying a residual of −0.304 cm−1

in the previous analysis47 and of only −0.030 cm−1 in
the present one. For the second set, the analysis re-
sults are reported in Table III for each vibrational band.
The number of fitted transitions N given in this table is
the actual data number for each vibrational band. Iden-
tical transitions reported in different investigations are
counted several times. Table IV summarizes the analy-
sis results for the third data set. The THz transitions
of Matsushima et al.29 are reproduced slightly more ac-
curately than in the previous analysis45 since the largest
residual decreased from 0.74 MHz to 0.58 MHz. For the
9 frequencies retrieved using Doppler-free spectroscopy
by Gambetta et al.,25 the largest residual is 0.07 MHz
which is also an improvement compared to that in the
previous fit,45 −0.24 MHz. The kHz accuracy transi-
tions measured by Diouf et al.30 provide us with a test for
the accuracy of the present calculation. The 124 ground
state combination differences extracted from their mea-
surements could be reproduced with an RMS of 28 kHz.
The measured minus calculated tables for the three data
sets are available in the supplementary material.

The results of the line position analysis are summa-
rized by reference in Table V. For each transition i, the
unitless ratio ri = ∆i/ui was computed, where ∆i is the
measured minus calculated residual and ui is the total
uncertainty evaluated as the experimental one plus that
of the calculated line position. The latter is retrieved
from the covariance matrix as outlined in Section IV C.
For each reference, Table V lists the average value of
|ri|, its maximum value, the number of transitions with
|ri| > 1, that with |ri| > 5, and the unitless χ2. In the
case of a satisfactory analysis, the average and maximum
value of |ri| are expected to be close to 1 and there should
be no transition with |ri| > 1 and |ri| > 5. Table V em-
phasizes that the data from Refs. 27, 30, 38, and 59 were
reported with too small experimental uncertainties. For
the Lamb-Dip measurements of Diouf et al.,30 it should
be pointed out the unsatisfactory results are not due to
the fitting approach since this data set involves transi-
tions with a low maximum J-value of 11.
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Table III. Analysis results for IR and FIR transitionsa

Bandb Reference J Ka N χ2

(000) This work, 38, 44, 54–56 20 18 758 1.9
ν2 This work, 16, 54, 56, and 59 20 16 2881 1.2
(010) This work, 38 and 44 20 13 499 1.3
2ν2 This work, 54, 57, and 59 19 11 1174 2.5
2ν2 − ν2 This work, 54, 56, 57, and 59 20 14 1214 1.9
(020) This work, 44 20 10 151 2.9
2ν2 − ν1 This work 14 10 18 3.0
ν1 This work, 54, 58, and 59 20 16 1621 2.0
ν1 − ν2 This work, 54 and 56 15 11 310 1.3
ν1 − 2ν2 This work 13 12 16 4.1
(100) This work 20 11 126 3.5
ν1 − ν3 This work 13 6 9 0.8
ν3 This work, 54, 58, and 59 20 14 2088 1.8
ν3 − ν2 This work, 54 and 56 20 9 310 1.3
ν3 − ν1 This work 15 8 14 0.9
(001) This work 20 11 144 1.8
All This work (Section II A) 20 18 2730 2.6
All This work, 16, 38, 44, 54–59 20 18 11332 1.8

a The reference from which experimental wavenumbers were
taken, the maximum J- and Ka-values, the number of fitted
transitions N , and the value of χ2 are given for each band. An
additional row lists these results only for transitions measured
in this work, reported in Section II A.

b The band name is given in this column. A vibrational state
label indicates pure rotational transitions within that state.

Table IV. Analysis results for the third data seta

Data type State J Ka N RMS χ2

Microwave26–28 (000) and (010) 11 7 23 315 1.9
Terahertz29 (000) 10 7 118 149 2.3
Doppler-Free25 (000) 5 3 9 41 0.5
Lamb-Dip30 (000) 11 8 124 28 4.6

All25–30 (000) and (010) 11 8 274 135 3.5

a Data type, vibrational state, maximum J- and Ka-values,
number of fitted transitions N , RMS in kHz, and χ2 are given.

B. Line strength analysis

The line intensities measured in this work, pre-
sented in Section II B, and previously published line
intensities16,44,56–59,62,63 were analyzed computing the in-
tensity as indicated in Section 4 of Coudert et al.45 The
eigenvectors needed to evaluate the transition moment
matrix elements, the transition wavenumber, and the
lower level energy were taken from the line position anal-
ysis. A weight equal to the inverse of the experimental
uncertainty squared was used for each data point. The
strength of transitions corresponding to unresolved K-
type doublets was calculated as in Section 4.2 of Coudert
et al.45

In the analysis, line intensities were normalized to
100% of H2

18O. The line strengths reported in Refs. 16,
44, 57, and 58 were included in the data set with no
change. The line strengths reported by Winther62 were

Table V. Analysis results by referencea

Reference N r̄ rMax N1 N5 χ2

26 9 0.2 0.5 0 0 0.2
25 9 0.3 0.8 0 0 0.5
44 732 0.4 4.7 67 0 0.9
56 1584 0.5 9.9 194 6 0.9
16 751 0.6 3.8 139 0 1.1
54 2905 0.6 6.8 449 9 1.1
55 33 1.0 4.1 10 0 1.3
58 998 0.6 4.9 174 0 1.3
57 457 0.9 4.5 159 0 1.8
28 6 0.7 1.6 2 0 2.0
29 118 1.4 8.8 60 3 2.3
This work 2730 1.0 8.3 942 27 2.6
27 8 1.0 1.9 4 0 2.7
59 1023 1.2 7.2 512 10 2.8
38 119 1.3 9.6 61 2 3.3
30 124 1.3 3.7 67 0 4.6

a The reference from which the experimental line positions were
taken, the number of fitted transitions N , r̄ the average value of
|ri|, its maximum value rMax, N1 the number of transitions
with |ri| > 1, N5 that with |ri| > 5, and the value of χ2 are
given. The unitless ri is defined in Section IV A. References are
listed with increasing value of χ2.

multiplied by 500 since his measurements are for H2
18O

in natural isotopic abundance. The experimental uncer-
tainties, not given explicitly by Winther, were taken to
be 10% divided by the square root of the weight given
by the author in his Table I. For the line strengths re-
ported by Oudot et al.,56 the same multiplying factor
was used in agreement with their Table 9. For the line
strengths reported by Toth,63 a calibration factor of 500
was also used as his measurements appear to correspond
to H2

18O in natural isotopic abundance. For the relative
line strengths reported by Loos et al.,59 a calibration fac-
tor of 510 was found with the help of the previous mea-
surements and is also consistent with H2

18O in natural
isotopic abundance. 5 612 line strengths were fitted, 105
spectroscopic parameters were varied, and the unitless
standard deviation is 1.5. The measured minus calcu-
lated table is available in the supplementary material.
Table VI summarizes the results of the analysis for each
band and Fig. 4 displays the line strength residuals as a
function of the observed line strength. 21 outliers with an
intensity residual between 50% and 73% of their observed
intensity are not shown.

When compared to Fig. 1 of Coudert and Chélin,47

Fig. 4 of the present paper seems to imply that the results
of the present line intensity analysis are much worse than
those of the previous one. Although the unitless standard
deviations of both analyses are nearly equal, the present
one is more satisfactory since 1.5 times more data were
considered. The differences between both figures stem
mainly from the fact that the present data set includes
more lines characterized by a large intensity uncertainty
than in Coudert and Chélin.47
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Table VI. Line strength analysis resultsa

Bandb Reference J Ka N χ2

(000) This work, 44, 56, 62, and 63 20 14 655 1.4
ν2 16, 56, and 59 18 11 1787 1.5
(010) This work, 44 17 10 333 1.5
2ν2 57 and 59 13 7 534 1.2
2ν2 − ν2 56, 57, and 59 14 7 440 1.5
(020) This work, 44 10 6 26 2.6
ν1 58 and 59 14 9 704 1.5
ν1 − ν2 56 10 7 93 2.4
ν3 58 and 59 16 8 945 1.3
ν3 − ν2 56 10 6 97 1.9
All This work (Section II B) 20 14 211 1.6
All This work, 16, 44, 56–59, 62, and 63 20 14 5612 1.5

a The reference from which experimental line intensities were
taken, the maximum J- and Ka-values, the number of fitted
transitions N , and the value of χ2 are given for each band. An
additional row lists these results only for transitions measured
in this work, reported in Section II B.

b The band name is given in this column. A vibrational state
label indicates pure rotational transitions within that state.

C. Line position and line strength database

A line list spanning the spectral range 2 to 5000 cm−1

was built using the results of the line position and line
strength analyses. A maximum J-values of 21 and an
intensity cutoff of 10−28 cm/molecule were taken for a
temperature of 296 K and an isotopic abundance64 of
0.00199983. The cutoff value is consistent with the fact
that lines involving vibrational states beyond the First
Triad or a J-value larger than 21 are missing from the
present line list and are expected to have an intensity on
the order of 10−28 cm/molecule or slightly larger. The
database contains 7 593 lines and is formatted as a HI-
TRAN line list.64 No efforts were made to estimate the
value of the line shape parameters which were set to zero
as well as the line strength errors. The line position error
parameters were set to the appropriate value64 using the
calculated line position uncertainty as retrieved below.
The database is available in the supplementary material.

A list of calculated levels with assignments, energies,
and energy uncertainties is also available in the supple-
mentary material. This list was computed from the line
position analysis results and uncertainties were estimated
using the covariance matrix. The selected levels include
those involved in the line position analysis data set. The
reliability of the calculated uncertainties was checked
making sure that, for the most accurate transitions in
the line position analysis data set, the calculated uncer-
tainty exceeds the experimental one. The most accu-
rate transitions in the line position data set are 6 ground
state combination differences30 characterized by an ex-
perimental uncertainty of 3.6 kHz and their calculated
line incertainties range from 4.9 to 10 kHz.

Figure 4. Residuals Sobs − Scal, in percent of the measured
line strength Sobs, for the line intensity analysis. The ab-
scissa is the base 10 logarithm of the observed line strength
in cm/molecule. 16 outliers with |Sobs − Scal| between 50%
and 80% of Sobs are not shown.

V. COMPARISONS

A. Energy levels

The so-called W2020 energy levels of Furtenbacher et
al.18 were compared to those obtained in the line position
analysis of Section IV A. The comparison was restricted
to levels with J ≤ 20, which is the maximum value of J in
the analysis. For each level i of Furtenbacher et al.,18 the
unitless ratio ri = ∆i/ui was calculated, where ∆i is the
difference between the energy reported by these authors
and that from this work and ui is the total uncertainy
equal to the W2020 uncertainty plus that retrieved in this
work. Figure 5 shows this ratio as a function of the level
energy. As can be gathered from this figure, only 42%
W2020 energy levels display a residual within the total
uncertainty (|ri| < 1). The largest ri value is observed
for the 1210,3, (001) level reported at 6873.2595 cm−1

by Furtenbacher et al.18 and calculated in this work at
6871.8445 cm−1. The 1210,3 and 1210,2(001) levels, being
the two members of a Ka = 10 asymmetry doublet, are
expected to be nearly degenerate. Indeed the asymme-
try splitting calculated in this work is about 0.001 cm−1

while that in Furtenbacher et al.18 exceeds 1 cm−1. The
large ri can be attributed to the way the energy of these
levels were retrieved. No experimental transitions involv-
ing the 1210,3 and 1210,2(001) levels being available, the
W2020 energy values actually come from a calculated line
list47 where the former level was misassigned. Figure 5 is
consistent with a good agreement for levels belonging to
the ground vibrational state although there seems to be a
systematic negative trend for energies below 1000 cm−1.

The large number of levels with a ratio |ri| > 1 may
be attributed to the differences between the energy level
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based analysis of Furtenbacher et al.18 and the model
based fitting procedure used in this work. In an energy
level based analysis, the parameters fitted to the line po-
sition are the energies of the levels and there may be
many of these, in some cases, more than several thou-
sand. In the fitting approach used in this work, the pa-
rameters fitted to the line position have a physical mean-
ing and their number, usually much smaller, is equal to
207 in the present investigation. With our approach, an
averaging takes place which greatly reduces parameter
uncertainties and leads to energies with a much smaller
uncertainty than with a level based analysis.

The experimental wavenumbers of the previously pub-
lished FIR and IR transitions,16,38,44,54–59 considered in
the line position analysis of Section IV A, were computed
using the W2020 energy values.18 Table VII, organized as
Table III, summarizes the comparison results. In the case
of the ν1 and ν2 fundamental bands, observed wavenum-
bers are better reproduced with the levels of Furten-
bacher et al.18 than in the present work; for ground vibra-
tional state transitions and for the fundamental ν3 band,
it is just the opposite. For ground vibrational state tran-
sitions, the largest residual compared to Furtenbacher et
al.18 is −0.031 cm−1 for the 192,17 ← 183,16 transition
measured at 388.8338 cm−1 by Mikhailenko et al.44 us-
ing room temperature absorption spectroscopy. Since its
reported experimental uncertainty is 0.0001 cm−1, this
leads to the large χ2 of 3.1 for W2020. Our Meas.−Calc.
residual for this transition is 0.00051 cm−1.

The even larger χ2 value listed in this table with the
W2020 levels for the ν3 band is due to an even larger
maximum residual of 0.239 cm−1 arising for the 1111,1 ←
1111,0 transition reported at 3624.3967 cm−1 by Liu et
al.54 and characterized by an experimental uncertainty
of 0.001 cm−1. Our Meas.−Calc. residual is 0.003 cm−1

for this transition while the W2020 residual significantly
exceeds the W2020 upper and lower levels uncertainties,
respectively 1.016 × 10−3 and 7.49 × 10−5 cm−1. This
situation results from the fact that the 3624.3967 cm−1

transition54 was not used by Furtenbacher et al.18 to re-
trieve the energy of the 1111(001) level. These authors
relied on a calculated line list47 where this transition,
characterized by a large Ka-value, was not accurately
predicted.

B. Line strengths

The calculated line strengths reported by Conway et
al.31 are compared to the previously published exper-
imental line intensities16,44,56–59,62,63 considered in the
line strength analysis of Section IV B. Table VIII com-
pares the residuals obtained with the line list of Conway
et al.31 and those obtained in this work. For almost all
vibrational bands, the χ2 values obtained in the present
investigation are more satisfactory.

Figure 5. The unitless ratio ri, which compares the deviation
of W2020 energy values18 from our computed energy values
scaled by the total uncertainty, as a function of the level en-
ergy in cm−1. Full circles, plus signs (+), and stars (*) are
used for levels belonging respectively to the ground, (010),
and First Triad states. 50 outliers with |ri| > 10 are not
shown.

Table VII. Line position residualsa with Ref. 18 and this work

Ref. 18 This work

Bandb Reference N χ2 N χ2

(000) 38, 44, 54–56 558 3.1 559 1.8
ν2 16, 54, 56, and 59 2433 0.7 2434 1.0
(010) 38 and 44 321 0.6 323 0.7
2ν2 54, 57, and 59 1089 2.9 1092 2.2
2ν2 − ν2 54, 56, 57, and 59 766 0.7 766 0.9
(020) 44 22 0.6 22 1.1
ν1 54, 58, and 59 1317 1.1 1315 1.6
ν1 − ν2 54 and 56 235 1.1 235 1.1
ν3 54, 58, and 59 1658 5.9 1658 1.6
ν3 − ν2 54 and 56 199 1.3 199 1.3
All 16, 38, 44, 54–59 8597 3.0 8602 1.5

a This table is organized as Table III and, for each vibrational
band of the previously published FIR and IR experimental
transitions considered in the line position analysis, compares
the number of transitions considered, N , and the value of χ2

obtained with the W2020 levels18 and in this work.
b The band name is given in this column. A vibrational state

label indicates pure rotational transitions within that state.

C. Line lists

The line list built by Conway et al.31 and the so-called
W2020 line list of Furtenbacher et al.18 were compared
to that built in this work. The list of Conway et al. is the
main source of HITRAN202064 intensities in our region
while most of the HITRAN2020 line positions were taken
from the W2020 line list.
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Table VIII. Line strength residualsa with Ref. 31 and this
work

Ref. 31 This work

Bandb Reference N χ2 N χ2

(000) 44, 56, 62, and 63 485 1.4 537 1.4
ν2 16, 56, and 59 1731 1.6 1787 1.5
(010) 44 240 1.4 247 1.4
2ν2 57 and 59 531 1.7 534 1.2
2ν2 − ν2 56, 57, and 59 434 1.6 440 1.5
(020) 44 18 3.0 18 3.0
ν1 58 and 59 690 3.1 704 1.5
ν1 − ν2 56 92 3.6 93 2.4
ν3 58 and 59 920 2.0 945 1.3
ν3 − ν2 56 96 3.6 97 1.9
All 16, 44, 56–59, 62, and 63 5237 2.0 5401 1.5

a For the previously published experimental line intensities
considered in the line strength analysis, this table, organized as
Table VI, compares for each vibrational band the number of
transitions considered N and the value of χ2 obtained using the
results of Conway et al.31 and those in Section IV B.

b The band name is given in this column. A vibrational state
label indicates pure rotational transitions within that state.

1. Conway et al.31

In the line list of Conway et al.,31 transitions listed
twice with exactly the same assignment, wavenumber,
and intensity were found. For instance, the 322 ← 211
rotational transition of (010) at 118.8435 cm−1 appears
twice. The number of such pairs amounts to 100 for the
line set considered below and the second instance was
ignored. Misassigned lines were also ignored.

The first comparison is for line positions and is re-
stricted to transitions with a wavenumber in the range 2
to 2500 cm−1, a strength larger than 10−28 cm/molecule,
including the isotopic abundance factor, and a J-value
smaller than 20. The number of such lines is 4 029
for Conway et al.31 and 4 157 for our database. There
are 3 974 lines with identical rovibrational assignment,
listed in both databases. For these lines, Fig. 6 dis-
plays the line position difference ∆σ = σ(Ref. 31) −
σ(This work) plotted against the line wavenumber and
intensity. This figure emphasizes that the largest dis-
crepancies are observed for weak lines with a strength
smaller than 10−24 cm/molecule. These large discrep-
ancies are evenly scattered in the 2 to 2500 cm−1

range. 41 outliers do not appear in Fig. 6 because
they display discrepancies larger than 0.01 cm−1. The
largest discrepancy is 0.0788 cm−1 for the 2ν2 − ν2 band
115,6 ← 104,7 transition with position and strength cal-
culated in this work to be 2065.8758 cm−1 and 1.3 ×
10−28 cm/molecule. The strongest outlier is the ground
vibrational state 163,14 ← 152,13 transition displaying
a discrepancy of −0.0238 cm−1 and with position and
strength calculated in this work to be 337.4224 cm−1 and
1.36 × 10−25 cm/molecule. The RMS of the residuals is
0.0028 cm−1 for the 3 974 common lines and 0.0009 cm−1

Figure 6. For the 3 974 common lines in the 2 to 2500 cm−1

range with a line strength larger than 10−28 cm/molecule
listed both in Conway et al.31 and in the database built in
this work, the line position difference ∆σ = σ(Ref. 31) −
σ(This work) is plotted as a function of the wavenumber (line
strength) in the upper (lower) panel. Line strengths include
the isotopic abundance factor. 41 outliers do not appear in
this figure.

ignoring 41 outliers. 183 lines of the database computed
in this work could not be found in Conway et al.31 Their
strength ranges from 10−28 to 1.63×10−25 cm/molecule.
Conversely, 55 transitions of Conway et al.31 could not
be found in our list, their strengths ranging from 10−28

to 2.82 × 10−28 cm/molecule are close to our intensity
cutoff.

The second comparison is for line intensities. Transi-
tions are selected as for the previous comparison but the
wavenumber range is 2500 to 4500 cm−1. The number of
lines fulfilling these criteria is 3 263 for Conway et al.,31

and 3 417 for our database. There are 3 141 common lines
in this range and the corresponding plots against the line
wavenumber and intensity are displayed in Fig. 7. A clear
systematic shift by about 3 to 4% is observed for the line
intensities, our values being larger than those of Conway
et al.31 The RMS of the residuals is 40% for the 3 141
common lines and 9.8% ignoring 212 outliers.

2. W2020 line list18

In the comparisons below, partially assigned lines were
skipped in the Furtenbacher et al.18 line list. The first
comparison, for line strengths, was carried out in the
range 2 to 2500 cm−1 with the same restrictions as in
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Figure 7. For the 3 141 common lines in the range
2500 to 4500 cm−1 with a line strength larger than
10−28 cm/molecule listed both in Conway et al.31 and in
the database built in this work, the line strength difference
∆S = S(Ref. 31)−S(This work) in % of the average strength
SAv. = [S(Ref. 31) +S(This work)]/2 is plotted as a function
of the wavenumber (line strength) in the upper (lower) panel
of the figure. Line strengths include the isotopic abundance
factor. 212 outliers do not appear in this figure.

Section V C 1. The number of lines fulfilling these cri-
teria is 4 141 for Furtenbacher et al.18 and 4 204 for our
database. There are 4 085 common lines and the corre-
sponding plots against the line wavenumber and inten-
sity are displayed in Fig. 8. There is a good agreement
between both line lists. The largest discrepancies are ob-
served in the ν2 band region for weak transitions with
a strength smaller than 10−26 cm/molecule. The RMS
of the residuals is 7.5% for the 4 085 common lines and
6.2% ignoring 20 outliers.

The second comparison, for line positions, was per-
formed in the range 2500 to 4500 cm−1 with the same
restrictions as in Section V C 1. There are 3 163 com-
mon lines listed in both databases. Figure 9 displays the
line position difference ∆σ = σ(Ref. 18) − σ(This work)
plotted against the line wavenumber and intensity; the
latter including the isotopic abundance factor. This fig-
ure emphasizes that the largest discrepancies are ob-
served for weak lines with a strength smaller than
10−24 cm/molecule. These large discrepancies are evenly
scattered in the 2500 to 4500 cm−1 range. 82 outliers
do not appear in Fig. 9 because they display discrepan-
cies larger than 0.01 cm−1. The largest discrepancy is
0.2747 cm−1 for the ν1 band 1010,1 ← 109,2 transition
with position and strength calculated in this work to be

Figure 8. For the 4 085 common lines in the range 2 to
2500 cm−1 with a line strength larger than 10−28 cm/molecule
listed both in Furtenbacher et al.18 and in the database
built in this work, the line strength difference ∆S =
S(Ref. 18)−S(This work) in % of the average strength SAv. =
[S(Ref. 18) + S(This work)]/2 is plotted as a function of the
wavenumber (line strength) in the upper (lower) panel. Line
strengths include the isotopic abundance correction of Sec-
tion IV C. 20 outliers do not appear in this figure.

3776.5875 cm−1 and 1.9×10−28 cm/molecule. The RMS
of the residuals is 0.0116 cm−1 for the 3 163 common
lines and 0.0009 cm−1 ignoring the 82 outliers. 172 lines
of the database computed in this work could not be found
in Furtenbacher et al.18 Their strength ranges from 10−28

to 2.5×10−27 cm/molecule. Conversely, 54 transitions of
Furtenbacher et al.18 could not be found in our list. Their
strengths range from 10−28 to 5.6× 10−28 cm/molecule.

VI. CONCLUDING REMARKS

The present paper reports new measurements in
the H2

18O species FIR and IR high-resolution spec-
tra recorded using high-temperature emission and room-
temperature absorption FTS. The results of line position
and line intensity analyses are also reported for transi-
tions involving the (000), (010), (020), (100), and (001)
vibrational states. The main outcome of the present in-
vestigation is a HITRAN type line list64 built using both
analyses results.

The data considered in the line position analysis in-
volve the new lines recorded in this work, already pub-
lished FIR and IR measurements, and highly accu-
rate measurements consisting of ground state combi-
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Figure 9. For the 3 163 common lines in the 2500 to 4500 cm−1

range with a line strength larger than 10−28 cm/molecule
listed both in Furtenbacher et al.18 and in the database built
in this work, the line position difference ∆σ = σ(Ref. 18) −
σ(This work) is plotted as a function of the wavenumber (line
strength) in the upper (lower) panel. Line strengths include
the isotopic abundance factor. 82 outliers do not appear in
this figure.

nation differences,25 microwave,26–28 THz transitions,29

and kHz accuracy transitions.30 The spectral model-
ing was carried out with the Bending-Rotation fitting
Hamiltonian.19–24 12 858 data are accounted for with a
unitless standard deviation of 1.9 up to J = 20 and
Ka = 18. As emphasized by Table IV, the highly ac-
curate data are satisfactorily reproduced. In particular,
for the recent Lamb-dip measurements of Diouf et al.,30

a value of 28 kHz was obtained for the RMS deviation
of the frequency residuals. Table V, where the analysis
results are listed by references, reveals that the exper-
imental line uncertainties reported in several investiga-
tions are too small. This leads to an unitless standard
deviation which is much larger than 1 in the line position
analysis.

The data considered in the line intensity analysis con-
sist of the new line strengths measured in this work and of
previously published line intensities. 5 612 line strengths
are accounted for with a unitless standard deviation of
1.5. Table VI reveals that for the 10 fitted vibrational
bands, the value of χ2 is at most 2.6.

The energy level values deduced from the line posi-
tion analysis were compared to the W2020 empirical val-
ues of Furtenbacher et al.18 The comparison results are
given in Section V A. Figure 5 emphasizes that the dis-
crepancies between the W2020 levels and those of the

present work tend to exceed a total uncertainty equal
to the quoted W2020 uncertainty plus that estimated in
this work. Table VII reveals that when used to compute
the measured line positions of already published FIR and
IR transitions,16,38,44,54–59 the value of χ2 with the en-
ergy levels of Furtenbacher et al.18 varies from 0.6 to
3.1 depending on the vibrational band. For all transi-
tions, the unsatisfactory χ2 value of 3.0 obtained for the
W2020 line positions is due to a few erroneous wavenum-
bers. Similarly, for line intensities, Table VIII emphasizes
that those reported by Conway et al.31 do not reproduce
quite accurately the experimental values16,44,56–59,62,63

used to derive our effective transition moment operator
in Section IV B. This is an important outcome since the
intensity values computed by Conway et al.31 are the
main source of line intensity adopted in the HITRAN2020
database64 in our region.

In Section V C, the line lists built by Conway et al.31

and Furtenbacher et al.18 are compared to that generated
in this work. As illustrated in Figs. 6–8, the discrepancies
for line positions and line intensities can be large in the
case of weak lines.

VII. SUPPLEMENTARY MATERIAL

Observed minus calculated tables for each data set con-
sidered in the line position analysis are available along
with a table containing the fitted spectroscopic param-
eters. The observed minus calculated table for the line
intensity analysis is also available along with the Hitran-
type database and an energy level list.

VIII. DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available within the article and its supplementary mate-
rial.
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