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Abstract

This paper describes a semi-empirical calculation of the air-broadened half-widths and the air pressure-
induced frequency shifts for the H2

16O isotopologue. This semi-empirical calculation is based on fits of
several recent high-quality measurements and theoretical calculations to the first-order terms in the
expansion of the complex Robert–Bonamy (CRB) equations, which yields a second- and first-order
polynomial function of the differences in the upper- and lower-state vibrational quantum numbers for the
half-width and line shift, respectively. The aim of this work was to obtain a complete set of air-broadened
half-widths and air pressure-induced frequency shifts for transitions of H2

16O present in the HITRAN

database from microwave to the visible in order to supplement the observed and calculated values. For
around 700 sets of rotational quantum numbers (J 0K 0aK

0
c  J 00K 00aK

00
c ), semi-empirical coefficients

describing the vibrational dependence of the air-broadened half-widths and the air pressure-induced
frequency shifts have been obtained directly from the fit of experimental and/or theoretical data. The
accuracy of the parameters deduced from this calculation is estimated to be between 5% and 10% for the
air-broadened half-widths and between 0.001 and 0:01 cm�1 atm�1 for the air pressure-induced frequency
shifts. For sets of rotational quantum numbers for which either none or insufficient experimental/
see front matter r 2005 Elsevier Ltd. All rights reserved.

jqsrt.2004.11.018

ding author. Tel.: +1 617 495 7474; fax: +1 617 496 7519.

ress: lrothman@cfa.harvard.edu (L.S. Rothman).
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theoretical data were available to deduce a vibrational dependence, further approximations have been used
to obtain a complete set of semi-empirical coefficients.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Interpretation of atmospheric spectra requires high-precision line parameters describing line
positions, intensities, pressure-broadened half-widths, and line shifts of gases present in the
terrestrial atmosphere. Of these gases, water vapor is one of the most important greenhouse gases
in the terrestrial atmosphere. Due to its relatively strong dipole moment, it is a major atmospheric
absorber of infrared radiation with over 60,000 significant transitions ranging from the microwave
region to the visible, of which about half are for the principal isotopologue H2

16O. Accurate line
parameters of water vapor are needed for remote sensing of this molecule, but also for their
impact on other molecules since water-vapor transitions are often present in the channels used to
detect and quantify other trace species.
Among the fundamental spectral parameters needed for terrestrial atmospheric radiative

models (used to model natural radiative processes and to interpret remote-sensing data), there
remain many deficiencies for the air-broadened half-widths, gair, and the air pressure-induced line
shifts, dair. The goal of this work is to give a complete set of semi-empirical coefficients in order to
calculate the gair and dair parameters of any rovibrational transition of the H2

16O isotopologue in
order to update these parameters for the 2004 edition of the HITRAN database [1]. For the other
isotopologues of water vapor, the number of references for the air-broadened half-widths and
especially for the air pressure-induced frequency shifts is currently too small to determine the
vibrational dependence of gair and dair.
Advances in the spectroscopy of water vapor and its key role in atmospheric and astrophysical

studies have recently been reviewed [2]. The air-broadened half-widths for water vapor show a
greater dynamic range and variability of values compared with other molecular absorbers
in the atmosphere. The spectral line parameters used for remote-sensing simulations are
usually obtained from the HITRAN database [1]. Because the preliminary positions, intensities,
and assignment of the newHITRAN edition [1] were available, we used this version in order to set
up a complete set of transitions for H2

16O, for which we generated air-broadened half-widths and
air pressure-induced frequency shifts. In the previous HITRAN [3], the gair parameters
for the H2

16O isotopologue were selected from an assortment of about 300 measurements [4–7]
and 2500 theoretical calculations [8] that are independent of the vibrational transition
as well as a small number of vibrationally dependent measurements [6,7]. For other transitions,
the gair parameters were estimated using scaled average values as a function of the rotational
quantum number J [9]. Theoretical progress in the complex Robert–Bonamy theory (CRB) [10]
to include the imaginary terms in the calculation of pressure-broadened half-widths [11]
led to the prediction of vibrational dependence of the half-width, which is now confirmed by
measurement [12]. Gamache and Hartmann [12] have demonstrated that the vibrational
dependence can easily be modeled by a simple function. This dependence is shown in Fig. 1,
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Fig. 1. Illustration of the vibrational dependence of experimental results of the air-broadening half-width for the

101 000 transition (black triangles), symbolized by the linear fit of these experimental points (continuous line). The

air-broadening half-widths from the previous HITRAN database [1] are represented by open squares. Note that the

previous HITRAN database neglected the vibrational dependence of these coefficients.
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where measured half-widths for the 101 000 rotational transition are plotted versus the
vibrational transition index described below. Also in the figure are the previous HITRAN [3]
values (open squares). Note that most of the HITRAN [3] values were constant due to the neglect
of vibrational dependence.
The values of gair for the main isotopologue H2

16O have been used for the H2
18O and H2

17O
isotopologues assuming no isotopologue dependence for these parameters. This assumption has
recently been validated with the theoretical work of Gamache and Fischer [13]. Parameters for the
other isotopologues are discussed elsewhere [1].
New measurements [7,14–17] and theoretical calculations [12,13,18] both for gair and dair have

recently been obtained, primarily for the main isotopologue H2
16O. However, these data are not

sufficient to obtain a complete set of gair and dair for many rovibrational transitions present in
HITRAN. This is mainly due, first to the large number of transitions for water vapor, and second
to the difficulty of having an accurate model for the rotational dependence of these parameters.
Our study is based on a vibrational dependence model given by Gamache and Hartmann [12].
However, such a model applies only to a specific set of rotational quantum numbers (rotational
quantum numbers of the lower and upper state of the transitions), which means that a vibrational
study must be carried out for each set of rotational quantum numbers.
This paper is divided into 5 sections. Section 2 describes the equations used to model the

vibrational dependence of gair and dair. Section 3 summarizes the set of measurements and
theoretical calculations used for the fits leading to the semi-empirical coefficients describing the
vibrational dependence of these parameters. Section 4 describes the methodology used to obtain a
complete set of semi-empirical coefficients needed to calculate gair and dair for any rovibrational
transition. Finally, Section 5 presents comparisons between our calculated values with
measurement and theory.
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2. Model of vibrational dependence for the air-broadened half-widths and the air pressure-induced

frequency shifts

The theoretical concept used in this work for the vibrational dependence of gair and dair was
taken from the work of Gamache et al. [11,12,19] based on the CRB formalism [10]. Considering
an isolated rovibrational transition ðv01; v

0
2; v
0
3Þf  ðv

00
1; v
00
2; v
00
3Þi, where the vk represent the quantum

numbers associated with the normal mode of vibration k and the primes and double primes are,
respectively, used for the upper and lower level, and i and f are the rotational quantum numbers
of the transition. The line shift d, and half-width g, are given respectively, by the negative of the
imaginary part and by the real part of the diagonal element of the complex relaxation matrix.
Expanding the sine and cosine terms in the CRB equations, keeping only the first-order terms, and
realizing that the vibrational dependence of the polarizability dominates the vibrational dephasing
term, yields approximate expressions for g and d for a transition involving various vibrational
states but specific sets i and f of rotational quantum numbers. These expressions have the
following dependence on vibration quantum numbers [12]:

g½ðv01; v
0
2; v
0
3Þf  ðv

00
1; v
00
2; v
00
3Þi� ¼ g0f i þ Af i 
 ð0:3Dv1 þ 0:07Dv2 þ 0:3Dv3Þ

2, (1)

d½ðv01; v
0
2; v
0
3Þf  ðv

00
1; v
00
2; v
00
3Þi� ¼ d0f i þ Bf i 
 ð0:3Dv1 þ 0:07Dv2 þ 0:3Dv3Þ, (2)

where Dvi is equal to v0i � v00i . For water vapor, the notation i and f corresponds, respectively, to
the rotational quantum numbers ðJ 00;K 00a;K

00
c Þ and ðJ

0;K 0a;K
0
cÞ. g

0
f i and d0f i are equivalent

respectively to the half-width and line shift for a pure rotational transition which corresponds to
the transition ðv01 ¼ 0; v

0
2 ¼ 0; v

0
3 ¼ 0Þf  ðv

00
1 ¼ 0; v

00
2 ¼ 0; v

00
3 ¼ 0Þi. In the following we will denote

the semi-empirical coefficients as g0f i, Af i, d
0
f i, and Bf i, where g0f i and d0f i are the

intercepts, and Af i and Bf i are the slopes of the fits of Eqs. (1) and (2) to determine the
vibrational dependence.
The vibrational dependence of gair and dair for water vapor is modeled using Eqs. (1) and (2).

These two equations indicate a quadratic and linear dependence on the quantity Dv ¼ ð0:3Dv1 þ

0:07Dv2 þ 0:3Dv3Þ for gair and dair, respectively. The semi-empirical coefficients are determined as a
function of the rotational quantum numbers of a transition. Once the coefficients are determined,
gair and dair may be calculated for any rovibrational transition with the same set of rotational
quantum numbers. The two intercepts g0f i and d0f i are determined mainly from the air-
broadened half-widths and the air pressure-induced frequency shifts in the microwave region and
in the far and mid-infrared ðo3000 cm�1Þ. The two slopes Af i and Bf i are determined mainly
from gair and dair in the near infrared or the visible. In order to have accurate values of these semi-
empirical coefficients, a large variety of experimental and/or theoretical data are needed to make
the fits.
3. Observed and theoretically calculated data used to determine semi-empirical coefficients

For the analysis of the vibrational dependence of the gair and dair parameters of water vapor, we
decided to select from the literature a limited set of recent high-quality measurements and
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theoretical calculations covering the whole water-vapor spectrum from microwave through
visible. The first criterion was to choose studies for which a large number of results on
both gair and dair have been obtained. However, for the air pressure-induced frequency shifts of
H2
16O, one observes a crucial lack of references between 2000 and 8000 cm�1 since only three

works have been published [14,17,20] (Note that Ref. [20] deals only with N2-broadening and shift
parameters).
Finally, among all the works available in the literature, we selected three theoretical

studies, and five experimental works. The three theoretical calculations have been made by
Gamache et al. [12,13,18] using the CRB formalism, and the experimental data come from
different studies [7,14–17] using high-resolution spectra recorded with Fourier transform
spectrometers.
For the microwave spectral region and the far infrared below 500 cm�1, we used the

calculations of air-broadened half-widths for pure rotational transitions from Gamache and
Fischer [13]. For the infrared spectral region, several works on both gair and dair have been
used: the calculations from Gamache and Hartmann [12] between 500 and 4200 cm�1,
the measurements from Zou and Varanasi [17] between 1270 and 4200 cm�1, and the
measurements from Toth [14] between 600 and 7800 cm�1. Note that the recent work of
Toth [14] summarizes the extensive studies done by the author on water vapor, but also presents
new measurements, especially for air-broadening and shift parameters for transitions above
2800 cm�1.
For the near-infrared and visible spectral regions, four studies of both gair and dair have been

used: the measurements of Mérienne et al. [16] between 9250 and 12; 750 cm�1, of Brown et al. [7]
between 10,150 and 11; 190 cm�1, the calculations of Gamache and Fischer [18] between 13,300
and 14; 300 cm�1, and the experimental results of Fally et al. [15] between 13,370 and 22; 640 cm�1.
A detailed summary of the measurements and the theoretical calculations used in this work for

the study of the vibrational dependence of gair and dair for H2
16O is presented in Table 1. The

number of measurements or calculations for each vibrational band is presented. The total number
of experimental and theoretical data used in this work for both gair and dair is around 15,000. A
sample of these data, sorted by rotational quantum numbers, is given in Table 2. This sample
represents all the experimental and theoretical data from Refs. [7,12–18] for just four sets of
rotational quantum numbers: 101 000; 111 000; 000 101, and 110 101.
4. Determination of a complete set of semi-empirical coefficients

This section describes how a complete set of semi-empirical coefficients describing the
vibrational dependence of air-broadened half-widths and air pressure-induced frequency shifts of
H2
16O was obtained. The complete set of semi-empirical coefficients allows one to calculate gair and

dair for any rovibrational transition. This section is divided into two parts: in Section 4.1 we
present the semi-empirical coefficients obtained directly from the fit of experimental and
theoretical data using Eqs. (1) and (2), respectively, for gair and dair. Because the set of
experimental and theoretical data was insufficient for modeling the vibrational dependence of all
sets of rotational quantum numbers, it has been necessary to perform some additional
approximations. These approximations are presented in Section 4.2.
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Table 1

Summary of experimental and theoretical data used for modeling the vibrational dependence of the air-broadened half-

widths and the air pressure-induced frequency shifts of H2
16O

Spectral region Type of data Source Total number v01; v
0
2; v
0
3 � v001 ; v

00
2 ; v
00
3

(cm�1) of lines (number of lines for each vibrational band)

0–500 Calculation [13] 453 000–000 (453)

500–4200 Calculation [12] 3121 000–000 (535), 010–000 (2410), 100–000 (75),

001–000 (101)

1270–4020 Experimental [17] 699 010–000 (324), 020–000 (18) 001–000 (239), 100–000

(118)

600–7800 Experimental [14] 4160 000–000 (149), 010–010 (1), 010–000 (792), 020–010

(113), 100–010 (13),001–010 (27),

011–010 (9), 100–000 (368), 001–000 (494), 020–000

(367), 030–010 (5), 030–000 (61),

021–010 (25), 110–000 (171), 011–000 (458), 031–010

(2), 021–000 (248), 101–000 (350),

002–000 (128), 040–000 (5), 200–000 (226), 120–000

(144), 111–010 (4)

9250–12,750 Experimental [16] 2347 111–000 (33), 012–000 (38), 210–000 (3), 041–000

(167), 220–000 (137), 131–010 (8),

121–000 (312), 022–000 (83), 300–000 (263), 003–000

(291), 201–000 (360), 102–000 (230),

211–010 (6), 310–010 (3), 131–000 (75), 112–000 (67),

211–000 (133), 310–000 (37), 013–000 (101)

10,150–11,190 Experimental [7] 503 121–000 (108), 220–000 (1), 022–000 (2), 003–000

(86), 300–000 (77), 102–000 (38), 201–000 (191)

13,300–14,300 Calculation [18] 561 221–000 (223), 301–000 (338)

13,370–22,640 Experimental [15] 3877 061–000 (2), 160–000 (2), 042–000 (9), 240–000 (7),

141–000 (21), 122–000 (62),

023–000 (70), 221–000 (216), 320–000 (66), 400–000

(196), 301–000 (302), 202–000 (203),

103–000 (250), 004–000 (68), 071–000 (5), 170–000

(3), 151–000 (1), 132–000 (5),

033–000 (62), 231–000 (127), 330–000 (15),311–000

(236), 410–000 (134), 212–000 (59),

113–000 (143), 142–000 (52), 043–000 (8), 340–000

(17), 241–000 (17), 222–000 (23),

123–000 (59), 321–000 (135), 420–000 (76), 500–000

(144), 401–000 (407), 302–000 (113),

203–000 (142), 104–000 (16), 053–000 (8), 034–000

(3), 133–000 (8), 331–000 (78),

430–000 (5), 312–000 (1), 213–000 (47), 510–000 (49),

411–000 (91), 063–000 (4),

341–000 (31), 223–000 (3), 322–000 (9), 421–000 (10),

600–000 (60), 501–000 (118),

402–000 (3), 303–000 (24), 115–000 (1), 431–000 (3),

511–000 (21), 601–000 (19), 700–000 (8)

Note: The number of lines given in this table corresponds to the number of lines for which measurements or calculations

have been determined approximately for both the air-broadened half-widths and the air pressure-induced frequency

shifts.
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Table 2

Sample of experimental and theoretical data used for modeling the vibrational dependence of the air broadening (gair)
and the air-pressure shift (dair) coefficients

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 Dv gair dair Ref. % Dif

1 0 1 0 0 0 0 1 0 0 0 0 0.07 103.58 �0.73 [12] 3.66 �1.96

1 0 1 0 0 0 0 0 1 0 0 0 0.30 101.40 �4.50 [17] 1.08 �1.54

1 0 1 0 0 0 0 0 1 0 0 0 0.30 106.00 �5.25 [14] 5.67 �2.29

1 0 1 0 0 0 0 1 1 0 0 0 0.37 98.80 �5.75 [14] �1.72 �1.52

1 0 1 0 0 0 0 2 1 0 0 0 0.44 98.40 �3.58 [14] �2.37 1.93

1 0 1 0 0 0 0 4 1 0 0 0 0.58 98.00 �6.00 [16] �3.40 2.06

1 0 1 0 0 0 1 0 1 0 0 0 0.60 101.60 �5.66 [14] 0.04 2.76

1 0 1 0 0 0 1 2 1 0 0 0 0.74 97.50 �12.10 [7] �4.80 �1.13

1 0 1 0 0 0 1 2 1 0 0 0 0.74 100.00 �16.00 [16] �2.36 �5.03

1 0 1 0 0 0 1 3 1 0 0 0 0.81 62.00 �12.00 [16] �39.76 0.24

1 0 1 0 0 0 2 0 1 0 0 0 0.90 103.50 �12.00 [7] �0.12 1.88

1 0 1 0 0 0 0 0 3 0 0 0 0.90 104.00 �13.00 [16] 0.36 0.88

1 0 1 0 0 0 0 0 3 0 0 0 0.90 103.50 �14.20 [7] �0.12 �0.32

1 0 1 0 0 0 0 1 3 0 0 0 0.97 102.00 �4.00 [16] �2.14 11.15

1 0 1 0 0 0 2 2 1 0 0 0 1.04 109.00 �13.00 [15] 3.93 3.43

1 0 1 0 0 0 2 2 1 0 0 0 1.04 105.50 �8.77 [18] 0.60 7.66

1 0 1 0 0 0 0 2 3 0 0 0 1.04 87.00 �32.00 [15] �17.04 �15.57

1 0 1 0 0 0 2 3 1 0 0 0 1.11 41.00 15.00 [15] �61.16 32.70

1 0 1 0 0 0 3 0 1 0 0 0 1.20 108.00 �9.86 [18] 1.39 9.48

1 0 1 0 0 0 3 0 1 0 0 0 1.20 106.00 �20.00 [15] �0.49 �0.66

1 0 1 0 0 0 1 0 3 0 0 0 1.20 110.00 �21.00 [15] 3.26 �1.66

1 0 1 0 0 0 3 1 1 0 0 0 1.27 108.00 �22.00 [15] 0.63 �1.39

1 0 1 0 0 0 1 1 3 0 0 0 1.27 103.00 �21.00 [15] �4.02 �0.39

1 0 1 0 0 0 3 2 1 0 0 0 1.34 111.00 �22.00 [15] 2.63 �0.11

1 0 1 0 0 0 3 3 1 0 0 0 1.41 88.00 8.00 [15] �19.30 31.16

1 0 1 0 0 0 4 0 1 0 0 0 1.50 105.00 �22.00 [15] �4.76 2.80

1 0 1 0 0 0 2 0 3 0 0 0 1.50 109.00 �27.00 [15] �1.13 �2.20

1 0 1 0 0 0 4 1 1 0 0 0 1.57 111.00 �23.00 [15] �0.21 3.07

1 0 1 0 0 0 3 0 3 0 0 0 1.80 118.00 �37.00 [15] 2.78 �6.74

1 1 1 0 0 0 0 0 0 0 0 0 0.00 103.15 [13] 2.03

1 1 1 0 0 0 0 1 0 0 0 0 0.07 102.00 3.25 [14] 0.89 �0.14

1 1 1 0 0 0 0 1 0 0 0 0 0.07 100.50 3.60 [17] �0.60 0.21

1 1 1 0 0 0 0 1 0 0 0 0 0.07 101.50 3.15 [12] 0.39 �0.24

1 1 1 0 0 0 0 2 0 0 0 0 0.14 101.50 1.85 [14] 0.38 �0.53

1 1 1 0 0 0 1 0 0 0 0 0 0.30 102.90 �1.30 [17] 1.69 �1.38

1 1 1 0 0 0 1 0 0 0 0 0 0.30 98.00 0.25 [14] �3.15 0.17

1 1 1 0 0 0 1 1 0 0 0 0 0.37 99.30 �1.61 [14] �1.91 �0.68

1 1 1 0 0 0 2 0 0 0 0 0 0.60 102.20 �1.99 [14] 0.73 2.25

1 1 1 0 0 0 1 0 2 0 0 0 0.90 91.00 �7.00 [16] �10.71 1.56

1 1 1 0 0 0 3 0 0 0 0 0 0.90 99.00 �7.20 [7] �2.86 1.36

1 1 1 0 0 0 3 0 0 0 0 0 0.90 96.00 �8.00 [16] �5.80 0.56

1 1 1 0 0 0 3 1 0 0 0 0 0.97 105.00 �7.00 [16] 2.90 2.57

1 1 1 0 0 0 3 2 0 0 0 0 1.04 101.00 1.00 [15] �1.16 11.58

1 1 1 0 0 0 1 4 2 0 0 0 1.18 19.00 �13.00 [15] �81.46 �0.41

1 1 1 0 0 0 0 0 4 0 0 0 1.20 49.00 �27.00 [15] �52.21 �14.12

1 1 1 0 0 0 2 0 2 0 0 0 1.20 105.00 �3.00 [15] 2.40 9.88
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Table 2 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 Dv gair dair Ref. % Dif

1 1 1 0 0 0 4 0 0 0 0 0 1.20 72.00 �22.00 [15] �29.78 �9.12

1 1 1 0 0 0 4 1 0 0 0 0 1.27 101.00 �17.00 [15] �1.67 �3.11

1 1 1 0 0 0 3 0 2 0 0 0 1.50 100.00 �40.00 [15] �3.24 �22.80

0 0 0 1 0 1 0 1 0 0 0 0 0.07 104.41 �0.47 [12] 5.12 �3.02

0 0 0 1 0 1 0 0 1 0 1 0 0.23 98.30 �1.76 [14] �1.25 �1.69

0 0 0 1 0 1 0 0 1 0 0 0 0.30 100.80 �2.00 [17] 1.08 �0.78

0 0 0 1 0 1 0 1 1 0 0 0 0.37 101.50 �2.98 [14] 1.56 �0.61

0 0 0 1 0 1 0 2 1 0 1 0 0.37 97.50 �1.80 [14] �2.44 0.57

0 0 0 1 0 1 0 2 1 0 0 0 0.44 96.00 �1.25 [14] �4.20 2.27

0 0 0 1 0 1 0 4 1 0 0 0 0.58 91.00 �10.00 [16] �9.79 �4.19

0 0 0 1 0 1 1 0 1 0 0 0 0.60 102.60 �6.60 [14] 1.59 �0.46

0 0 0 1 0 1 1 2 1 0 0 0 0.74 99.40 �8.10 [7] �2.43 0.34

0 0 0 1 0 1 1 2 1 0 0 0 0.74 105.00 �10.00 [16] 3.07 �1.56

0 0 0 1 0 1 0 7 1 0 0 0 0.79 98.00 �3.00 [15] �4.14 6.26

0 0 0 1 0 1 1 3 1 0 0 0 0.81 99.00 [16] �3.30

0 0 0 1 0 1 2 0 1 0 0 0 0.90 62.00 [16] �39.87

0 0 0 1 0 1 0 0 3 0 0 0 0.90 103.50 �11.10 [7] 0.38 �0.04

0 0 0 1 0 1 2 0 1 0 0 0 0.90 93.90 [7] �8.93

0 0 0 1 0 1 0 0 3 0 0 0 0.90 83.00 �18.00 [16] �19.50 �6.94

0 0 0 1 0 1 0 1 3 0 0 0 0.97 99.00 �7.00 [16] �4.55 5.21

0 0 0 1 0 1 0 2 3 0 0 0 1.04 109.00 �13.00 [15] 4.42 0.36

0 0 0 1 0 1 2 2 1 0 0 0 1.04 112.00 19.00 [15] 7.30 32.36

0 0 0 1 0 1 2 2 1 0 0 0 1.04 107.20 �8.39 [18] 2.70 4.97

0 0 0 1 0 1 2 3 1 0 0 0 1.11 85.00 �7.00 [15] �19.12 7.50

0 0 0 1 0 1 3 0 1 0 0 0 1.20 108.00 �13.00 [15] 1.82 2.98

0 0 0 1 0 1 3 0 1 0 0 0 1.20 108.70 �11.37 [18] 2.48 4.61

0 0 0 1 0 1 1 0 3 0 0 0 1.20 108.00 �19.00 [15] 1.82 �3.02

0 0 0 1 0 1 1 1 3 0 0 0 1.27 132.00 �2.00 [15] 23.50 15.13

0 0 0 1 0 1 3 1 1 0 0 0 1.27 109.00 �20.00 [15] 1.98 �2.87

0 0 0 1 0 1 1 2 3 0 0 0 1.34 81.00 �28.00 [15] �24.82 �9.72

0 0 0 1 0 1 3 2 1 0 0 0 1.34 109.00 �21.00 [15] 1.17 �2.72

0 0 0 1 0 1 3 3 1 0 0 0 1.41 80.00 �20.00 [15] �26.37 �0.58

0 0 0 1 0 1 2 0 3 0 0 0 1.50 111.00 �23.00 [15] 1.02 �2.10

0 0 0 1 0 1 2 1 3 0 0 0 1.57 93.00 �1.00 [15] �16.13 21.05

0 0 0 1 0 1 4 1 1 0 0 0 1.57 128.00 �20.00 [15] 15.43 2.05

0 0 0 1 0 1 3 0 3 0 0 0 1.80 110.00 �28.00 [15] �3.95 �2.18

0 0 0 1 0 1 6 0 1 0 0 0 2.10 197.00 �51.00 [15] 64.13 �20.26

1 1 0 1 0 1 0 0 0 0 0 0 0.00 109.28 [13] 5.58

1 1 0 1 0 1 0 1 0 0 0 0 0.07 106.41 6.40 [12] 2.80 0.57

1 1 0 1 0 1 0 2 0 0 1 0 0.07 101.60 6.88 [14] �1.85 1.05

1 1 0 1 0 1 0 1 0 0 0 0 0.07 105.00 6.80 [17] 1.44 0.97

1 1 0 1 0 1 0 1 0 0 0 0 0.07 102.50 5.50 [14] �0.98 �0.33

1 1 0 1 0 1 0 2 0 0 0 0 0.14 102.10 3.70 [17] �1.41 �1.17

1 1 0 1 0 1 0 2 0 0 0 0 0.14 103.20 4.50 [14] �0.34 �0.37

1 1 0 1 0 1 0 3 0 0 1 0 0.14 103.70 3.80 [14] 0.14 �1.07

1 1 0 1 0 1 0 3 0 0 0 0 0.21 99.50 2.70 [14] �3.98 �1.20

1 1 0 1 0 1 1 0 0 0 1 0 0.23 104.00 2.91 [14] 0.33 �0.72

1 1 0 1 0 1 1 0 0 0 0 0 0.30 106.10 0.90 [17] 2.25 �1.76

1 1 0 1 0 1 1 1 0 0 0 0 0.37 100.00 1.00 [14] �3.75 �0.69
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Table 2 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 Dv gair dair Ref. % Dif

1 1 0 1 0 1 1 2 0 0 0 0 0.44 102.20 1.42 [14] �1.79 0.69

1 1 0 1 0 1 2 0 0 0 0 0 0.60 106.90 1.46 [14] 2.25 2.94

1 1 0 1 0 1 0 0 2 0 0 0 0.60 103.60 �0.67 [14] �0.90 0.81

1 1 0 1 0 1 2 2 0 0 0 0 0.74 104.00 �9.00 [16] �1.04 �5.59

1 1 0 1 0 1 3 0 0 0 0 0 0.90 105.50 �0.90 [7] �0.33 4.72

1 1 0 1 0 1 1 0 2 0 0 0 0.90 102.00 �3.00 [16] �3.64 2.62

1 1 0 1 0 1 1 0 2 0 0 0 0.90 106.60 �2.60 [7] 0.71 3.02

1 1 0 1 0 1 1 0 2 0 0 0 0.90 73.00 [16] �31.03

1 1 0 1 0 1 1 1 2 0 0 0 0.97 97.00 �4.00 [16] �8.69 2.59

1 1 0 1 0 1 3 1 0 0 0 0 0.97 106.00 �4.00 [16] �0.22 2.59

1 1 0 1 0 1 1 2 2 0 0 0 1.04 135.00 �32.00 [15] 26.60 �24.45

1 1 0 1 0 1 2 0 2 0 0 0 1.20 112.00 �8.00 [15] 4.02 1.76

1 1 0 1 0 1 0 0 4 0 0 0 1.20 52.00 �12.00 [15] �51.71 �2.24

1 1 0 1 0 1 2 1 2 0 0 0 1.27 110.00 �17.00 [15] 1.68 �6.27

1 1 0 1 0 1 4 1 0 0 0 0 1.27 110.00 �11.00 [15] 1.68 �0.27

1 1 0 1 0 1 4 2 0 0 0 0 1.34 122.00 �2.00 [15] 12.23 9.69

1 1 0 1 0 1 2 2 2 0 0 0 1.34 86.00 �26.00 [15] �20.89 �14.31

1 1 0 1 0 1 5 0 0 0 0 0 1.50 72.00 �26.00 [15] �34.56 �12.10

1 1 0 1 0 1 3 0 2 0 0 0 1.50 111.00 �15.00 [15] 0.89 �1.10

1 1 0 1 0 1 1 0 4 0 0 0 1.50 149.00 81.00 [15] 35.42 94.90

1 1 0 1 0 1 5 1 0 0 0 0 1.57 91.00 �5.00 [15] �17.76 9.87

1 1 0 1 0 1 6 0 0 0 0 0 1.80 110.00 �18.00 [15] �2.57 0.04

Note: Dv is equal to ð0:3
 ðv01 � v001Þ þ 0:07
 ðv
0
2 � v002Þ þ 0:3
 ðv

0
3 � v003ÞÞ. gair and dair are, respectively, the experimental

or theoretical air-broadened half-widths and air pressure-induced frequency shifts in 10�3 cm�1 atm�1, and the Ref.

column contains references related to these values. When there is a blank instead of a value for gair or dair, it means that
no values are given in the corresponding reference. The column noted % represents the difference in % between the

experimental or theoretical air-broadened half-widths and the corresponding calculated value using the semi-empirical

coefficients (see Section 4). The column noted Dif represents the difference in 10�3 cm�1 atm�1 between the

experimental or theoretical air pressure-induced frequency shifts and the corresponding calculated value using the semi-

empirical coefficients (see Section 4).
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4.1. Semi-empirical coefficients obtained directly from the fit of the measurements and theoretical

calculations

The set of experimental and theoretical data used in this work for modeling the vibrational
dependence of the air-broadened half-widths and the air pressure-induced frequency shifts of the
H2
16O isotopologue is described in Section 3 and Table 1. The first step was to sort these data by

rotational quantum numbers (see Table 2), and the second step was to fit all the values of air-
broadened half-widths and all the values of air pressure-induced frequency shifts with the same
rotational quantum numbers and different vibrational quantum numbers to Eqs. (1) and (2),
respectively.
It should be stressed that all these fits have been done individually by careful inspection of the

data and graphical analysis. The reason for this approach was due to the fact that some
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experimental results, mainly from Refs. [15,16], exhibited in a number of cases a large difference
for both gair and dair compared with the vibrational dependence of these parameters exhibited by
all the other experiments and theoretical calculations (see in Table 2 the differences between
experimental or theoretical values and the corresponding values calculated using semi-empirical
coefficients). It should be emphasized that these exceptions are usually for high vibrational states
where the spectral signal is weak resulting in some erroneous fits. When it is possible to compare
the data from Refs. [15,16] with other measurements good agreement is generally observed. The
outlying values are easily detected since they are often too large or small by factors of 2 or more.
For example, Ref. [15] reports the air-broadened half-width of the 101 000 transition for the
2v1 þ 3v2 þ v3 band as 0:041 cm�1atm�1 compared with values from other measurements around
0:1 cm�1atm�1 (see Table 2). These erroneous results are easily detected by plotting all the
measurements and calculations for the same set of rotational quantum numbers versus Dv. Figs. 2
and 3 show fits of the measurements and the calculations, respectively, of air-broadened half-
widths and air pressure-induced frequency shifts for six different sets of rotational quantum
numbers. In these two figures, a different symbol has been used for each reference to the
measurements and calculations and another symbol has been used to overlay them in order to
identify which data have been kept for the fit. Indeed, the advantage of doing all these fits
manually is that any suspicious data can be evaluated and removed before fitting the semi-
empirical coefficients.
Concerning the manual selection of the measurements and calculations, when a large number of

data were available for a set of rotational quantum numbers, and when one of the values of either
the air-broadened half-width or the air pressure-induced frequency shift (for the same transition
and the same reference) appeared erroneous, both values of gair and dair were removed from the
fits. However, when the number of data for the fit was small, we sometimes retained a value of the
air-broadened half-widths (or air pressure-induced frequency shifts), whereas the value of the air
pressure-induced frequency shifts (or air-broadened half-widths) for the same line was removed
from the data used in the fit. This explains why some values were not retained for a fit although
they were in agreement with the other references. As illustrated in Figs. 2 and 3, almost all data
that were removed from the fit of the semi-empirical coefficients come from Refs. [15,16]. The
research presented in the latter works encompasses the measurements of line parameters for 5000
transitions between 13,000 to 26; 000 cm�1 and 7000 transitions between 9250 to 13; 000 cm�1,
respectively. The retrieval of these line parameters was performed using an automated procedure,
and it is known that some measured lines were blended or too weak for an accurate analysis of the
air-broadened half-widths and the air pressure-induced frequency shifts. There is an ongoing
effort to assign and refine the parameters of these data [21]. While a majority of data that were
eliminated from the fit of the semi-empirical coefficients come from Refs. [15,16], it should be
emphasized that the majority of these data is quite good and in agreement with other
Fig. 2. Sample of fits modeling the vibrational dependence of the air-broadening half-widths for different sets of

rotational quantum numbers. The measurements and calculations used in this work are represented as following:

hexagons for Ref. [13], diamonds for Ref. [12], triangles for Ref. [14], upside-down triangles for Ref. [17], stars for Ref.

[18], plus signs for Ref. [7], squares for Ref. [16], circles for Ref. [15]. The continuous line is the linear fit of the

experimental and theoretical values retained for the fit (noted by using the cross symbol ð
Þ in front of the previous

symbols).
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measurements and calculations. Because of the access these data provide to high vibrational
levels, they were invaluable in determining the slope of the fits.
Finally, semi-empirical coefficients g0f i and Af i related to the vibrational dependence of the

air-broadened half widths have been determined for 613 sets of rotational quantum numbers, and
semi-empirical coefficients d0f i and Bf i related to the vibrational dependence of the air pressure-
induced frequency shifts have been obtained for 793 sets of rotational quantum numbers. A
sample of these semi-empirical coefficients obtained directly from the fits of measurements and
theoretical calculations is given in Table 3 (where the statistical uncertainty of the fit is indicated
for each coefficient). Note that because the fits were done manually for each set of rotational
quantum numbers by removing some experimental data, the results obtained in this work are
dependent on the final points chosen. However, the deletion of these data resulted in only slightly
different values of the semi-empirical coefficients.

4.2. Additional approximations used to obtain a complete set of semi-empirical coefficients

The sets of semi-empirical coefficients determined in Section 4.1 are not sufficient to update gair
and dair for all H2

16O transitions present in the HITRAN database [1]. Of the 4239 sets of
rotational quantum numbers present in the database, the approximately 700 sets of semi-empirical
coefficients obtained as described above represent, respectively, 46% and 53% of the number of
air-broadened half-widths and air pressure-induced frequency shifts needed for a complete
update. For this reason, different series of approximations have been performed. These
approximations are prioritized into three levels.

4.2.1. First level of approximation
The first level of approximation, i.e. the higher priority situation, consisted of using average

values of the semi-empirical coefficients Af i and Bf i, but still using observed data and
theoretical calculations to determine g0f i and d0f i. The average values of Af i and Bf i,
designated respectively ~Ai and ~Bi, have been obtained by averaging all the coefficients Af i and
Bf i found in Section 4.1 and corresponding to the same set of lower rotational quantum
numbers. The complete list of these average values is given in Table 4. The measurements and
theoretical calculations used in this first level of approximation correspond to sets of rotational
quantum numbers for which it was impossible to establish a vibrational dependence of either the
air-broadened half-widths or the air pressure-induced frequency shifts.
In order to obtain the semi-empirical coefficients g0f i and/or d0f i for a set of rotational

quantum numbers, we chose one or several data from the set of measurements and theoretical
calculations, which involve if possible small values of Dv. Then, using Eqs. (1) and (2) with the
average values ~Ai and ~Bi, and with the values of experimental/theoretical data gexp or calc and
dexp or calc, the semi-empirical coefficients g0f i and d0f i are equal, respectively, to

g0f i ¼ gexp or calc½ðv
0
1; v
0
2; v
0
3Þf  ðv

00
1; v
00
2; v
00
3Þi� �

~Ai 
 ð0:3Dv1 þ 0:07Dv2 þ 0:3Dv3Þ
2, (3)

d0f i ¼ dexp or calc½ðv01; v
0
2; v
0
3Þf  ðv

00
1; v
00
2; v
00
3Þi� �

~Bi 
 ð0:3Dv1 þ 0:07Dv2 þ 0:3Dv3Þ. (4)

A sample of experimental and theoretical data used to deduce the semi-empirical coefficients
g0f i and d0f i from Eqs. (3) and (4) is presented in Table 5. The final step of this approximation
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Table 3

Sample of the semi-empirical coefficients obtained directly from the fit of measurements and theoretical calculations

J 0 K 0a K 0c J 00 K 00a K 00c g0f i
Af i d0f i

Bf i

1 0 1 0 0 0 99.9(1.0) 4.6(0.7) 2.5(1.4) �18.2(1.4)

1 1 1 0 0 0 101.1(0.7) 1.0(1.0) 4.4(0.7) �14.4(1.2)

0 0 0 1 0 1 99.3(1.3) 4.7(1.1) 3.7(1.6) �16.4(1.6)

1 1 0 1 0 1 103.5(0.6) 2.9(0.6) 6.8(0.8) �13.8(1.0)

2 0 2 1 0 1 99.8(1.2) 2.8(0.9) 6.8(1.4) �16.8(1.4)

2 1 2 1 0 1 101.1(1.3) 3.2(1.0) 6.3(0.8) �15.1(0.8)

2 2 0 1 0 1 103.0(1.9) 2.9(2.1) 8.5(1.4) �13.0(1.7)

1 0 1 1 1 0 103.6(1.0) 0.4(1.0) �4.0(1.2) �15.4(1.4)

1 1 1 1 1 0 101.8(1.5) 2.3(1.1) �1.9(1.4) �16.4(1.3)

2 1 1 1 1 0 96.0(1.6) 9.2(1.4) 0.5(2.6) �18.4(2.5)

2 2 1 1 1 0 98.9(1.1) 2.5(1.0) 3.7(1.1) �17.6(1.2)

0 0 0 1 1 1 102.3(0.4) 5.8(3.1) �2.6(2.6) �17.2(3.7)

1 1 0 1 1 1 98.0(1.4) 4.7(1.0) 6.0(1.8) �15.7(1.7)

2 0 2 1 1 1 100.4(1.0) 3.3(1.6) �0.2(1.0) �13.0(1.8)

2 1 2 1 1 1 98.0(1.5) 2.3(1.2) 2.1(1.6) �14.4(1.6)

2 2 0 1 1 1 98.0(2.4) 3.7(2.4) 8.7(1.4) �24.0(1.7)

1 0 1 2 0 2 99.5(1.6) 6.1(1.1) �1.5(2.3) �15.9(2.0)

1 1 1 2 0 2 99.4(1.2) 4.3(1.8) 2.2(1.2) �14.7(1.8)

2 1 1 2 0 2 97.6(2.7) 4.0(2.7) 8.5(5.5) �20.6(6.1)

2 2 1 2 0 2 99.4(1.3) 2.1(1.5) 5.1(1.7) �13.8(2.1)

3 0 3 2 0 2 97.6(1.1) 1.6(0.7) 8.5(2.2) �20.4(1.9)

3 1 3 2 0 2 98.9(1.0) 2.6(0.8) 6.9(1.4) �17.3(1.5)

3 2 1 2 0 2 98.2(3.7) 7.4(3.5) 6.1(3.0) �13.6(3.3)

1 1 0 2 1 1 95.6(1.5) 7.0(1.2) 1.0(1.5) �13.0(1.5)

2 0 2 2 1 1 101.7(1.9) 1.0(1.4) �2.8(3.1) �17.3(3.1)

2 1 2 2 1 1 98.2(1.3) 4.5(1.3) 0.3(1.3) �15.7(1.5)

2 2 0 2 1 1 —( –) —( –) 3.8(1.8) �18.0(2.4)

3 1 2 2 1 1 91.7(1.4) 7.2(1.1) 0.1(2.1) �17.6(2.0)

3 2 2 2 1 1 96.5(1.1) 2.4(1.1) 2.8(1.1) �18.5(1.3)

3 3 0 2 1 1 90.5(4.6) 7.5(5.2) 4.5(2.8) �15.9(3.3)

1 0 1 2 1 2 100.7(0.8) 5.2(0.9) �3.5(1.2) �16.8(1.6)

1 1 1 2 1 2 96.2(1.0) 5.2(0.7) 0.9(1.2) �15.7(1.1)

2 1 1 2 1 2 95.8(1.6) 4.6(1.2) 4.8(2.5) �17.0(2.4)

2 2 1 2 1 2 95.3(0.8) 5.1(0.8) 6.6(1.6) �19.1(1.9)

3 0 3 2 1 2 92.6(1.5) 6.6(1.0) �0.2(1.3) �15.6(1.2)

3 1 3 2 1 2 92.7(1.6) 6.0(1.1) 2.9(2.4) �17.0(2.1)

3 2 1 2 1 2 96.2(1.4) 3.6(1.2) 6.8(0.6) �15.5(0.7)

3 3 1 2 1 2 94.7(0.5) 2.4(0.6) 8.8(3.0) �17.5(3.8)

1 1 1 2 2 0 99.0(2.9) 2.4(3.6) �4.5(2.2) �13.4(3.2)

2 1 1 2 2 0 95.3(1.2) 3.0(1.2) 1.1(1.7) �21.8(2.1)

2 2 1 2 2 0 89.6(2.2) 4.5(1.7) 3.0(1.5) �18.3(1.5)

3 2 1 2 2 0 89.3(1.7) 5.2(1.4) 1.0(2.6) �15.0(2.5)

3 3 1 2 2 0 84.1(1.9) 2.7(2.0) 2.7(3.0) �19.1(4.0)

1 1 0 2 2 1 98.4(1.6) 3.5(1.4) 1.2(1.6) �16.5(1.8)

2 0 2 2 2 1 99.1(2.7) 5.3(2.5) �5.1(1.7) �10.0(1.9)

2 1 2 2 2 1 94.9(1.9) 3.4(1.7) �0.4(1.4) �15.1(1.6)

2 2 0 2 2 1 88.3(1.9) 4.5(1.3) 2.0(2.2) �18.6(2.0)
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Table 3 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c g0f i
Af i d0f i

Bf i

3 1 2 2 2 1 94.9(2.3) 6.5(1.7) 2.0(2.2) �18.6(2.0)

3 2 2 2 2 1 89.9(1.8) 5.1(1.3) 1.9(1.8) �18.3(1.7)

3 3 0 2 2 1 83.7(0.8) 3.4(0.7) 4.0(0.7) �18.7(0.8)

2 0 2 3 0 3 95.3(1.9) 6.3(1.4) �2.8(2.2) �17.3(1.9)

2 1 2 3 0 3 95.6(1.2) 5.2(1.0) 4.8(2.2) �20.9(2.4)

2 2 0 3 0 3 99.7(2.0) 3.6(1.9) 9.4(7.6) �19.7(8.2)

3 1 2 3 0 3 96.2(2.1) 7.0(2.2) 5.1(0.6) �16.5(0.7)

3 2 2 3 0 3 94.3(1.3) 6.5(1.7) 6.3(0.9) �17.6(1.2)

4 0 4 3 0 3 91.1(1.8) 4.6(1.3) 5.5(2.2) �18.5(2.1)

4 1 4 3 0 3 92.8(1.1) 4.0(1.0) 6.8(1.3) �18.1(1.5)

4 2 2 3 0 3 96.1(1.3) 4.7(0.9) 8.4(1.7) �16.6(1.7)

4 3 2 3 0 3 94.6(1.4) 5.1(1.9) 7.7(0.8) �13.9(1.1)

Note: In parenthesis are given the statistical uncertainty (1s) of the fit for each parameter. The semi-empirical
coefficients are given in 10�3 cm�1 atm�1.

Table 4

Average values of the semi-empirical coefficients determined for each set of lower rotational quantum numbers

J 00 K 00a K 00c ~g0i ~Ai ~d
0

i
~Bi

0 0 0 100.5 2.8 3.5 �16.3

1 0 1 101.3 3.3 6.4 �15.0

1 1 0 100.1 3.6 �0.4 �16.9

1 1 1 99.3 4.0 2.8 �16.9

2 0 2 98.7 4.0 5.1 �16.6

2 1 1 95.7 4.9 1.4 �16.6

2 1 2 95.5 4.8 3.4 �16.8

2 2 0 91.5 5.6 0.7 �17.5

2 2 1 92.7 4.5 0.8 �16.5

3 0 3 95.1 5.2 5.7 �17.7

3 1 2 93.5 4.1 3.5 �15.4

3 1 3 94.3 4.3 3.5 �20.3

3 2 1 91.1 4.8 �0.2 �16.6

3 2 2 89.6 5.7 �0.1 �14.1

3 3 0 81.0 6.5 �1.7 �16.2

3 3 1 76.0 5.0 0.0 �17.7

4 0 4 88.6 4.8 4.5 �18.8

4 1 3 90.5 4.9 4.9 �17.9

4 1 4 88.5 5.8 5.1 �19.0

4 2 2 90.3 5.1 �0.7 �15.3

4 2 3 86.2 6.4 1.1 �17.1

4 3 1 80.8 7.4 �0.6 �17.1

4 3 2 82.1 4.9 �1.5 �16.4

4 4 0 50.6 3.8 �0.5 �21.7

4 4 1 69.6 7.8 �0.6 �21.3
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Table 4 (continued )

J 00 K 00a K 00c ~g0i ~Ai ~d
0

i
~Bi

5 0 5 82.4 4.8 3.3 �20.0

5 1 4 86.9 5.5 5.2 �18.9

5 1 5 80.0 6.5 1.9 �19.3

5 2 3 89.1 5.0 0.9 �18.0

5 2 4 82.1 4.9 0.8 �17.5

5 3 2 83.8 5.7 �0.2 �18.3

5 3 3 79.2 6.4 �1.2 �17.2

5 4 1 72.9 6.6 �3.4 �16.0

5 4 2 67.7 7.6 �2.5 �18.3

5 5 0 53.3 11.9 �0.5 �22.9

5 5 1 — — 3.4 �26.2

6 0 6 69.5 8.5 2.1 �21.4

6 1 5 80.4 4.8 4.3 �20.3

6 1 6 71.1 8.4 1.8 �22.2

6 2 4 86.6 4.3 0.3 �17.6

6 2 5 76.0 6.9 1.0 �19.8

6 3 3 83.6 4.6 �0.6 �16.6

6 3 4 71.0 5.7 �0.9 �17.9

6 4 2 71.0 6.1 �1.4 �19.8

6 4 3 68.1 8.4 �2.5 �18.5

6 5 1 59.9 11.3 1.4 �22.8

6 5 2 43.9 8.5 �1.9 �22.0

6 6 1 36.6 11.8 0.7 �26.3

7 0 7 60.2 7.4 0.6 �23.2

7 1 6 74.2 6.3 5.3 �22.1

7 1 7 60.7 8.4 0.9 �24.4

7 2 5 81.7 5.3 2.1 �18.6

7 2 6 67.8 8.5 1.0 �21.3

7 3 4 85.5 5.8 0.1 �20.1

7 3 5 72.9 5.9 0.4 �18.2

7 4 3 72.8 8.9 �3.1 �17.2

7 4 4 63.3 7.2 �2.1 �17.2

7 5 2 59.4 7.7 �2.1 �23.1

7 5 3 45.7 8.4 �2.6 �19.3

7 6 1 39.9 18.9 �4.0 �18.2

7 6 2 — — 1.3 �14.9

7 7 0 28.0 14.5 �1.1 �26.4

8 0 8 45.7 12.2 �1.4 �25.4

8 1 7 61.2 12.7 3.7 �21.8

8 1 8 50.1 10.1 �0.9 �25.1

8 2 6 64.7 5.2 4.2 �19.0

8 2 7 61.0 9.2 0.5 �24.1

8 3 5 67.7 4.0 �1.6 �15.8

8 3 6 60.9 6.2 0.1 �21.1

8 4 4 75.2 7.2 �1.9 �19.8

8 4 5 58.1 7.8 �2.1 �21.1

8 5 3 53.3 12.8 �3.9 �18.4

8 5 4 55.7 12.2 �1.6 �21.6
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Table 4 (continued )

J 00 K 00a K 00c ~g0i ~Ai ~d
0

i
~Bi

8 6 2 41.6 8.5 �1.3 �28.2

8 6 3 42.2 20.5 �2.5 �18.7

8 7 2 34.7 10.4 �3.3 �25.7

8 8 1 18.7 37.4 �2.0 �21.0

9 0 9 39.5 15.3 �0.4 �27.3

9 1 8 47.0 8.5 2.0 �25.4

9 1 9 38.7 16.2 �0.2 �26.5

9 2 7 56.8 4.0 6.2 �23.3

9 2 8 28.9 5.5 0.3 �28.1

9 3 6 62.3 6.5 �0.8 �21.2

9 3 7 58.8 7.9 �2.2 �26.4

9 4 5 57.4 4.8 �3.3 �18.8

9 4 6 62.0 11.9 �4.0 �25.4

9 5 4 58.1 15.1 �4.8 �20.1

9 5 5 50.7 6.7 �3.4 �20.1

9 6 3 46.0 12.4 �2.0 �18.2

9 6 4 — — �2.7 �24.9

9 7 2 34.2 8.9 �3.8 �23.1

9 8 1 28.0 8.8 �0.3 �22.5

10 0 10 24.1 11.1 �1.6 �29.8

10 1 9 33.6 10.0 0.9 �33.6

10 1 10 28.3 10.4 �1.7 �28.6

10 2 8 — — �2.5 �30.8

10 2 9 32.2 13.2 �0.8 �26.9

10 3 7 — — 3.1 �20.8

10 3 8 43.2 10.3 �4.9 �24.9

10 4 6 — — �1.7 �22.6

10 4 7 33.0 4.5 �6.2 �25.7

10 5 6 47.7 18.6 �3.5 �21.9

10 6 4 — — �2.9 �26.6

10 6 5 — — �0.9 �32.8

11 0 11 8.6 3.0 �1.0 �33.2

11 1 10 24.8 11.9 �2.2 �31.0

11 1 11 — — 0.0 �34.0

11 2 9 48.0 5.4 �0.4 �25.9

11 2 10 — — �3.1 �30.3

11 3 8 — — 2.5 �23.8

11 3 9 — — 1.2 �34.7

11 4 7 — — 0.4 �27.4

11 4 8 — — 1.1 �29.6

11 5 6 — — �0.9 �14.9

12 0 12 17.1 15.4 �0.5 �35.5

12 1 11 — — �2.1 �31.6

12 1 12 16.4 14.2 �1.8 �31.2

12 2 10 — — 0.1 �24.8

12 2 11 — — �2.5 �30.6

12 3 10 12.5 10.2 0.9 �37.7

12 4 9 — — �1.8 �40.2
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Table 4 (continued )

J 00 K 00a K 00c ~g0i ~Ai ~d
0

i
~Bi

12 5 8 — — 1.2 �28.8

13 0 13 — — �1.2 �34.0

13 1 12 7.1 4.9 �2.0 �32.9

13 1 13 — — �0.6 �32.4

13 2 11 — — �0.7 �32.6

14 1 14 6.6 6.4 �0.1 �34.2

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1.

Table 5

Sample of experimental or theoretical data used to deduce the semi-empirical coefficients g0f i and d0f i from Eqs. (1)

and (2), and from an average value of the semi-empirical coefficients Af i and Bf i from Table 4

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 gair dair Ref. g0f i
~Ai d0f i

~Bi

2 1 2 1 1 0 2 2 1 0 0 0 107.50 �11.36 [18] 103.76 3.60 6.92 �16.9

2 1 2 1 1 0 3 0 1 0 0 0 108.20 �13.50 [18] 103.88 3.60 10.84 �16.9

2 2 0 2 1 1 0 1 0 0 0 0 97.48 1.18 [12] 97.14 4.90 1.26 �16.6

2 2 0 2 1 1 0 1 0 0 0 0 97.50 2.20 [14] 97.16 4.90 2.28 �16.6

2 2 0 2 1 1 0 1 0 0 0 0 97.50 2.70 [17] 97.16 4.90 2.78 �16.6

1 0 1 2 2 0 0 1 0 0 0 0 103.82 �9.54 [12] 103.43 5.60 �9.45 �17.5

1 0 1 2 2 0 0 0 1 0 0 0 102.90 �9.50 [14] 101.22 5.60 �7.92 �17.5

3 0 3 2 2 0 0 1 0 0 0 0 99.60 �6.10 [12] 99.21 5.60 �6.01 �17.5

3 0 3 2 2 0 0 0 1 0 0 0 102.00 �7.50 [14] 100.32 5.60 �5.92 �17.5

3 1 3 2 2 0 0 1 0 0 0 0 100.50 �2.65 [14] 100.11 5.60 �2.56 �17.5

3 1 3 2 2 0 0 1 0 0 0 0 99.06 �4.14 [12] 98.67 5.60 �4.05 �17.5

3 1 3 2 2 0 0 1 0 0 0 0 98.50 �1.60 [17] 98.11 5.60 �1.51 �17.5

3 3 0 3 0 3 0 1 0 0 0 0 95.33 8.23 [12] 94.97 5.20 8.32 �17.7

3 3 0 3 0 3 0 2 0 0 0 0 98.10 5.40 [14] 97.37 5.20 5.75 �17.7

4 4 0 3 1 3 0 1 0 0 0 0 92.70 5.02 [14] 92.40 4.30 5.12 �20.3

4 4 0 3 1 3 0 1 0 0 0 0 92.92 5.86 [12] 92.62 4.30 5.96 �20.3

4 1 4 3 2 1 0 1 0 0 0 0 95.68 �4.41 [12] 95.34 4.80 �4.33 �16.6

4 1 4 3 2 1 0 1 0 0 0 0 96.10 �2.15 [14] 95.76 4.80 �2.07 �16.6

4 1 4 3 2 1 0 1 0 0 0 0 94.50 �2.40 [17] 94.16 4.80 �2.32 �16.6

3 0 3 3 3 0 0 1 0 0 0 0 96.03 �9.13 [12] 95.58 6.50 �9.05 �16.2

3 0 3 3 3 0 0 1 0 0 0 0 100.00 �7.15 [14] 99.55 6.50 �7.07 �16.2

3 1 3 3 3 0 0 1 0 0 0 0 95.15 �6.99 [12] 94.70 6.50 �6.91 �16.2

3 1 3 3 3 0 1 0 1 0 0 0 95.50 �9.15 [14] 91.60 6.50 �3.32 �16.2

4 1 3 3 3 0 1 0 0 0 0 0 92.34 �10.16 [12] 90.39 6.50 �8.70 �16.2

4 1 3 3 3 0 0 1 1 0 0 0 90.00 �8.00 [14] 87.59 6.50 �5.78 �16.2

4 2 3 3 3 0 0 1 0 0 0 0 86.16 �3.60 [12] 85.70 6.50 �3.52 �16.2

4 2 3 3 3 0 0 1 0 0 0 0 89.10 �2.20 [17] 88.64 6.50 �2.12 �16.2

4 2 3 3 3 0 0 1 0 0 0 0 86.70 �3.88 [14] 86.25 6.50 �3.80 �16.2

2 0 2 3 3 1 0 1 0 0 0 0 97.10 �7.38 [14] 96.75 5.00 �7.29 �17.7

2 0 2 3 3 1 0 1 0 0 0 0 98.26 �10.46 [12] 97.91 5.00 �10.37 �17.7

2 1 2 3 3 1 0 1 0 0 0 0 95.12 �8.03 [12] 94.77 5.00 �7.94 �17.7
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Table 5 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 gair dair Ref. g0f i
~Ai d0f i

~Bi

2 1 2 3 3 1 1 0 1 0 0 0 96.00 �11.84 [14] 93.00 5.00 �5.47 �17.7

3 1 2 3 3 1 0 1 0 0 0 0 91.48 �5.90 [12] 91.13 5.00 �5.81 �17.7

3 1 2 3 3 1 0 1 1 0 0 0 91.80 �9.35 [14] 89.95 5.00 �6.93 �17.7

3 2 2 3 3 1 0 1 0 0 0 0 84.80 �2.06 [14] 84.45 5.00 �1.97 �17.7

3 2 2 3 3 1 0 1 0 0 0 0 84.80 �1.90 [17] 84.45 5.00 �1.81 �17.7

3 2 2 3 3 1 0 1 0 0 0 0 85.53 �2.71 [12] 85.18 5.00 �2.62 �17.7

4 0 4 3 3 1 0 1 0 0 0 0 94.53 �7.19 [12] 94.18 5.00 �7.10 �17.7

4 1 4 3 3 1 0 0 1 0 1 0 93.68 �8.05 [12] 92.53 5.00 �7.11 �17.7

4 2 2 3 3 1 0 1 0 0 0 0 92.40 �1.50 [14] 92.05 5.00 �1.41 �17.7

4 2 2 3 3 1 0 1 0 0 0 0 88.69 �2.80 [12] 88.34 5.00 �2.71 �17.7

4 2 2 3 3 1 0 1 0 0 0 0 92.40 �1.60 [17] 92.05 5.00 �1.51 �17.7

3 2 1 4 0 4 0 1 0 0 0 0 95.57 3.71 [12] 95.23 4.80 3.80 �18.8

3 3 1 4 0 4 0 1 0 0 0 0 93.75 5.64 [12] 93.41 4.80 5.73 �18.8

4 1 3 4 0 4 0 1 0 0 0 0 93.60 3.20 [14] 93.26 4.80 3.29 �18.8

4 1 3 4 0 4 0 1 0 0 0 0 92.70 2.70 [17] 92.36 4.80 2.79 �18.8

4 1 3 4 0 4 0 1 0 0 0 0 94.25 0.58 [12] 93.91 4.80 0.67 �18.8

4 3 1 4 0 4 0 1 0 0 0 0 93.30 4.90 [14] 92.96 4.80 4.99 �18.8

4 3 1 4 0 4 0 1 0 0 0 0 92.03 6.12 [12] 91.69 4.80 6.21 �18.8

5 4 1 4 0 4 0 0 1 0 0 0 90.70 1.82 [14] 89.26 4.80 3.51 �18.8

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1.
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concerns the average of the semi-empirical coefficients g0f i and d0f i obtained using different
experimental or theoretical data but corresponding to identical sets of rotational quantum
numbers. A sample of the results of these averages is given in Table 6. With this first-level
approximation, we obtained semi-empirical coefficients describing the air-broadened half-widths
for 1571 sets of rotational quantum numbers, and semi-empirical coefficients describing the air
pressure-induced frequency shifts for 2124 sets of rotational quantum numbers.
4.2.2. Second level of approximation

The principle of the second level of approximation is similar to that of the first level. This
approximation is for cases where we could not determine the average values of Af i and Bf i in
Eqs. (3) and (4) for certain sets of rotational quantum numbers corresponding to the experimental
and theoretical data. Indeed, for these sets of rotational quantum numbers, no vibrational
dependence was obtained from the observations and theoretical calculations. In order to
determine the semi-empirical coefficients g0f i and d0f i for these sets of rotational quantum
numbers, we considered ~Ai and ~Bi found in Table 4 as a function of J 00ðJ 00 þ 1Þ þ K 00a � K 00c þ 1 (a
unique energy-ordered rotational state index for asymmetric rotors) and used extrapolation. The
plots of these extrapolations are presented in Figs. 4 and 5. A linear fit was used to reproduce the
rotational dependence of ~Ai and ~Bi. However, when J 00ðJ 00 þ 1Þ þ K 00a � K 00c þ 1X200, the
extrapolation was no longer used and the ~Ai and ~Bi coefficients were fixed to 0.0133 and
�0:0356 cm�1 atm�1, respectively.
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Table 6

Sample of average values of semi-empirical coefficients obtained for each set of rotational quantum numbers from

experimental or theoretical data of Table 5

J 0 K 0a K 0c J 00 K 00a K 00c ~g0f i
~Ai ~d

0

f i
~Bi

2 1 2 1 1 0 103.8 3.6 8.9 �16.9

2 2 0 2 1 1 97.2 4.9 2.1 �16.6

1 0 1 2 2 0 102.3 5.6 �8.7 �17.5

3 0 3 2 2 0 99.8 5.6 �6.0 �17.5

3 1 3 2 2 0 99.0 5.6 �2.7 �17.5

3 3 0 3 0 3 96.2 5.2 7.0 �17.7

4 4 0 3 1 3 92.5 4.3 5.5 �20.3

4 1 4 3 2 1 95.1 4.8 �2.9 �16.6

3 0 3 3 3 0 97.6 6.5 �8.1 �16.2

3 1 3 3 3 0 93.2 6.5 �5.1 �16.2

4 1 3 3 3 0 89.0 6.5 �7.2 �16.2

4 2 3 3 3 0 86.9 6.5 �3.1 �16.2

2 0 2 3 3 1 97.3 5.0 �8.8 �17.7

2 1 2 3 3 1 93.9 5.0 �6.7 �17.7

3 1 2 3 3 1 90.5 5.0 �6.4 �17.7

3 2 2 3 3 1 84.7 5.0 �2.1 �17.7

4 0 4 3 3 1 94.2 5.0 �7.1 �17.7

4 1 4 3 3 1 92.5 5.0 �7.1 �17.7

4 2 2 3 3 1 90.8 5.0 �1.9 �17.7

3 2 1 4 0 4 95.2 4.8 3.8 �18.8

3 3 1 4 0 4 93.4 4.8 5.7 �18.8

4 1 3 4 0 4 93.2 4.8 2.2 �18.8

4 3 1 4 0 4 92.3 4.8 5.6 �18.8

5 4 1 4 0 4 89.3 4.8 3.5 �18.8

5 5 1 4 0 4 91.1 4.8 5.6 �18.8

3 3 0 4 1 3 90.3 4.9 6.3 �17.9

4 0 4 4 1 3 94.1 4.9 �1.3 �17.9

4 4 0 4 1 3 88.1 4.9 5.8 �17.9

4 3 1 4 1 4 88.8 5.8 5.2 �19.0

4 4 1 4 1 4 88.9 5.8 5.1 �19.0

5 4 1 4 1 4 88.3 5.8 5.2 �19.0

4 3 1 4 2 2 87.9 5.1 0.8 �15.3

4 4 1 4 2 2 85.1 5.1 �0.4 �15.3

5 0 5 4 2 2 93.0 5.1 �4.0 �15.3

5 1 5 4 2 2 92.3 5.1 �2.0 �15.3

5 5 1 4 2 2 83.3 5.1 1.0 �15.3

3 3 0 4 2 3 86.5 6.4 3.1 �17.1

4 4 0 4 2 3 82.8 6.4 0.6 �17.1

5 3 2 4 2 3 83.3 6.4 3.1 �17.1

5 5 0 4 2 3 82.7 6.4 2.0 �17.1

3 2 2 4 3 1 82.9 7.4 �3.0 �17.1

4 0 4 4 3 1 92.4 7.4 �6.9 �17.1

4 1 4 4 3 1 91.5 7.4 �6.5 �17.1

5 1 4 4 3 1 89.1 7.4 �5.9 �17.1

5 2 4 4 3 1 83.4 7.4 �4.8 �17.1

5 5 0 4 3 1 74.4 7.4 �3.7 �17.1
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Table 6 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c ~g0f i
~Ai ~d

0

f i
~Bi

5 0 5 4 3 2 88.5 4.9 �6.7 �16.4

5 1 5 4 3 2 87.6 4.9 �7.5 �16.4

3 1 3 4 4 0 91.9 3.8 �6.7 �21.7

3 2 1 4 4 0 83.7 3.8 �3.3 �21.7

3 3 1 4 4 0 65.5 3.8 �0.2 �21.7

4 1 3 4 4 0 88.0 3.8 �7.1 �21.7

4 2 3 4 4 0 84.1 3.8 �5.4 �21.7

5 1 5 4 4 0 88.5 3.8 �5.5 �21.7

5 3 3 4 4 0 75.0 3.8 �1.1 �21.7

3 1 2 4 4 1 89.1 7.8 �6.3 �21.3

4 1 4 4 4 1 91.0 7.8 �6.0 �21.3

5 1 4 4 4 1 86.9 7.8 �6.0 �21.3

5 2 4 4 4 1 81.0 7.8 �5.2 �21.3

5 3 2 4 4 1 80.1 7.8 �0.3 �21.3

4 2 2 5 0 5 92.5 4.8 2.4 �20.0

4 3 2 5 0 5 87.8 4.8 5.1 �20.0

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1.
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Fig. 4. Linear fit of the average values of the semi-empirical coefficients Af i obtained for identical lower-state

rotational quantum numbers (see Table 4).

D. Jacquemart et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 96 (2005) 205–239 225
Using these extrapolated coefficients for ~Ai and ~Bi, it was possible to deduce the semi-empirical
coefficients g0f i and d

0
f i from the experimental/theoretical data for which the values of

~Ai and ~Bi

could not be obtained from the fits described in Section 4.2.1. A sample of experimental and
theoretical data used to deduce the semi-empirical coefficients g0f i and d

0
f i from Eqs. (3) and (4)

is presented in Table 7. The final step of this second-level approximation concerns the average of
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Fig. 5. Linear fit of the average values of the semi-empirical coefficients Bf i obtained for identical lower-state

rotational quantum numbers (see Table 4).

Table 7

Sample of experimental or theoretical data used to deduce the semi-empirical coefficients g0f i and d0f i from Eqs. (1)

and (2), and from average values of Af i and Bf i deduced from the extrapolation of the average values of Table 4 (see

Figs. 3 and 4)

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 gair dair Ref. g0f i
~Ai d0f i

~Bi

4 0 4 5 5 1 0 1 0 0 0 0 91.91 �7.49 [12] 91.49 6.03

4 2 2 5 5 1 0 1 0 0 0 0 85.20 �3.00 [14] 84.78 6.03

4 2 2 5 5 1 0 1 0 0 0 0 84.14 �3.24 [12] 83.72 6.03

4 4 0 5 5 1 0 1 0 0 0 0 48.04 �1.47 [12] 47.62 6.03

4 4 0 5 5 1 0 1 0 0 0 0 52.50 1.80 [14] 52.08 6.03

4 4 0 5 5 1 0 1 0 0 0 0 51.50 0.80 [17] 51.08 6.03

5 2 4 5 5 1 0 1 0 0 0 0 80.19 �4.16 [12] 79.77 6.03

5 3 2 5 5 1 0 0 1 0 1 0 79.13 �4.54 [12] 77.74 6.03

5 4 2 5 5 1 0 1 0 0 0 0 59.80 3.35 [12] 59.38 6.03

5 4 2 5 5 1 0 1 0 0 0 0 60.50 2.10 [17] 60.08 6.03

5 4 2 5 5 1 0 1 0 0 0 0 63.70 4.50 [14] 63.28 6.03

5 5 0 5 5 1 0 1 0 0 0 0 43.34 �3.89 [12] 42.92 6.03

6 0 6 5 5 1 0 1 0 0 0 0 85.18 �4.41 [12] 84.76 6.03

6 2 4 5 5 1 0 1 0 0 0 0 85.01 �2.92 [12] 84.59 6.03

6 4 2 5 5 1 0 1 0 0 0 0 67.20 2.57 [14] 66.78 6.03

6 4 2 5 5 1 0 1 0 0 0 0 65.80 3.59 [12] 65.38 6.03

6 5 2 5 5 1 0 1 0 0 0 0 49.57 2.97 [12] 49.15 6.03

6 6 0 5 5 1 0 1 0 0 0 0 36.45 �5.41 [12] 36.03 6.03

6 6 0 5 5 1 0 2 0 0 1 0 41.30 �9.60 [14] 40.88 6.03

5 3 3 6 6 0 0 1 0 0 0 0 72.62 0.57 [12] 72.15 6.65 0.67 �20.50

5 4 1 6 6 0 0 0 1 0 0 0 68.80 �1.40 [14] 66.81 6.65 0.45 �20.50

5 5 1 6 6 0 0 1 0 0 0 0 40.20 �3.27 [14] 39.73 6.65 �3.17 �20.50

5 5 1 6 6 0 0 1 0 0 0 0 34.66 �2.77 [12] 34.19 6.65 �2.67 �20.50

6 1 5 6 6 0 0 1 0 0 0 0 83.32 �4.19 [12] 82.85 6.65 �4.09 �20.50
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Table 7 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c v01 v02 v03 v001 v002 v003 gair dair Ref. g0f i
~Ai d0f i

~Bi

6 3 3 6 6 0 0 1 0 0 0 0 79.99 �1.36 [12] 79.52 6.65 �1.26 �20.50

6 5 1 6 6 0 0 1 0 0 0 0 47.75 4.90 [12] 47.28 6.65 5.00 �20.50

6 5 1 6 6 0 0 1 0 0 0 0 52.20 3.46 [14] 51.73 6.65 3.56 �20.50

6 6 1 6 6 0 0 1 0 0 0 0 32.27 �4.08 [12] 31.80 6.65 �3.98 �20.50

7 3 5 6 6 0 0 1 0 0 0 0 72.34 �1.29 [12] 71.87 6.65 �1.19 �20.50

7 5 3 6 6 0 0 1 0 0 0 0 53.32 4.86 [12] 52.85 6.65 4.96 �20.50

7 5 3 6 6 0 0 1 0 0 0 0 56.10 3.07 [14] 55.63 6.65 3.17 �20.50

7 6 1 6 6 0 0 1 0 0 0 0 38.74 4.50 [12] 38.27 6.65 4.60 �20.50

7 7 1 6 6 0 0 1 0 0 0 0 26.07 �2.88 [12] 25.60 6.65 �2.78 �20.50

6 1 5 7 6 2 0 1 0 0 0 0 79.79 �6.15 [12] 79.29 7.17

6 2 5 7 6 2 0 0 1 0 0 0 75.70 �9.09 [12] 73.55 7.17

6 3 3 7 6 2 0 1 0 0 0 0 77.25 �1.74 [12] 76.75 7.17

6 3 3 7 6 2 0 1 0 0 0 0 73.00 �0.85 [14] 72.50 7.17

6 5 1 7 6 2 0 1 0 0 0 0 42.64 �0.73 [12] 42.14 7.17

6 5 1 7 6 2 0 2 0 0 1 0 40.00 0.00 [14] 39.50 7.17

6 5 1 7 6 2 0 1 0 0 0 0 45.20 2.40 [14] 44.70 7.17

6 5 1 7 6 2 0 1 0 0 0 0 42.10 1.30 [17] 41.60 7.17

6 6 1 7 6 2 0 1 0 0 0 0 39.99 �11.30 [12] 39.49 7.17

7 3 5 7 6 2 0 1 0 0 0 0 65.71 �2.97 [12] 65.21 7.17

7 5 3 7 6 2 0 1 0 0 0 0 49.20 3.07 [14] 48.70 7.17

7 5 3 7 6 2 0 1 0 0 0 0 45.37 0.53 [12] 44.87 7.17

7 6 1 7 6 2 0 1 0 0 0 0 37.30 �3.40 [12] 36.80 7.17

7 7 1 7 6 2 0 1 0 0 0 0 39.58 �10.26 [12] 39.08 7.17

8 3 5 7 6 2 0 1 0 0 0 0 80.06 �0.80 [12] 79.56 7.17

8 5 3 7 6 2 0 1 0 0 0 0 57.80 0.71 [14] 57.30 7.17

8 5 3 7 6 2 0 1 0 0 0 0 50.25 1.62 [12] 49.75 7.17

8 6 3 7 6 2 0 1 0 0 0 0 38.88 �1.43 [12] 38.38 7.17

8 7 1 7 6 2 0 1 0 0 0 0 33.73 �4.43 [12] 33.23 7.17

6 3 4 7 7 1 0 0 1 0 0 0 76.76 �5.22 [12] 74.58 7.26 �3.25 �21.90

6 4 2 7 7 1 0 1 0 0 0 0 64.97 4.33 [12] 64.46 7.26 4.44 �21.90

6 5 2 7 7 1 0 0 1 0 0 0 54.00 1.80 [14] 51.82 7.26 3.77 �21.90

6 6 0 7 7 1 0 1 0 0 0 0 25.28 �5.08 [12] 24.77 7.26 �4.97 �21.90

7 4 4 7 7 1 0 1 0 0 0 0 65.68 2.45 [12] 65.17 7.26 2.56 �21.90

7 6 2 7 7 1 0 1 0 0 0 0 37.76 4.46 [12] 37.25 7.26 4.57 �21.90

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1. A blank means that the semi-empirical coefficients

have been determined from Eqs. (3) and (4) using average values of Af i and Bf i, and not an extrapolation of these

values.
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the semi-empirical coefficients g0f i and d0f i obtained using different experimental or theoretical
data corresponding to identical sets of rotational quantum numbers. A sample of the results of
these averages is given in Table 8. With this second-level approximation, we obtained semi-
empirical coefficients describing the air-broadened half-widths for 2157 sets of rotational
quantum numbers, and semi-empirical coefficients describing the air pressure-induced frequency
shifts for 1604 sets of rotational quantum numbers.
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Table 8

Sample of average values of semi-empirical coefficients obtained for each set of rotational quantum numbers from

experimental or theoretical data of Table 7

J 0 K 0a K 0c J 00 K 00a K 00c ~g0f i
~Ai ~d

0

f i
~Bi

4 0 4 5 5 1 91.5 6.0 — —

4 2 2 5 5 1 84.2 6.0 — —

4 4 0 5 5 1 50.3 6.0 — —

5 2 4 5 5 1 79.8 6.0 — —

5 3 2 5 5 1 77.7 6.0 — —

5 4 2 5 5 1 60.9 6.0 — —

5 5 0 5 5 1 42.9 6.0 — —

6 0 6 5 5 1 84.8 6.0 — —

6 2 4 5 5 1 84.6 6.0 — —

6 4 2 5 5 1 66.1 6.0 — —

6 5 2 5 5 1 49.1 6.0 — —

6 6 0 5 5 1 38.5 6.0 — —

5 3 3 6 6 0 72.2 6.7 0.7 �20.5

5 4 1 6 6 0 66.8 6.7 0.5 �20.5

5 5 1 6 6 0 37.0 6.7 �2.9 �20.5

6 1 5 6 6 0 82.8 6.7 �4.1 �20.5

6 3 3 6 6 0 79.5 6.7 �1.3 �20.5

6 5 1 6 6 0 49.5 6.7 4.3 �20.5

6 6 1 6 6 0 31.8 6.7 �4.0 �20.5

7 3 5 6 6 0 71.9 6.7 �1.2 �20.5

7 5 3 6 6 0 54.2 6.7 4.1 �20.5

7 6 1 6 6 0 38.3 6.7 4.6 �20.5

7 7 1 6 6 0 25.6 6.7 �2.8 �20.5

6 1 5 7 6 2 79.3 7.2 — —

6 2 5 7 6 2 73.5 7.2 — —

6 3 3 7 6 2 74.6 7.2 — —

6 5 1 7 6 2 42.0 7.2 — —

6 6 1 7 6 2 39.5 7.2 — —

7 3 5 7 6 2 65.2 7.2 — —

7 5 3 7 6 2 46.8 7.2 — —

7 6 1 7 6 2 36.8 7.2 — —

7 7 1 7 6 2 39.1 7.2 — —

8 3 5 7 6 2 79.6 7.2 — —

8 5 3 7 6 2 53.5 7.2 — —

8 6 3 7 6 2 38.4 7.2 — —

8 7 1 7 6 2 33.2 7.2 — —

6 3 4 7 7 1 74.6 7.3 �3.2 �21.9

6 4 2 7 7 1 64.5 7.3 4.4 �21.9

6 5 2 7 7 1 51.8 7.3 3.8 �21.9

6 6 0 7 7 1 24.8 7.3 �5.0 �21.9

7 4 4 7 7 1 65.2 7.3 2.6 �21.9

7 6 2 7 7 1 37.2 7.3 4.6 �21.9

7 7 0 7 7 1 23.7 7.3 �3.5 �21.9

8 6 2 7 7 1 44.5 7.3 5.1 �21.9

8 7 2 7 7 1 30.3 7.3 4.7 �21.9

8 8 0 7 7 1 18.7 7.3 �1.6 �21.9
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Table 8 (continued )

J 0 K 0a K 0c J 00 K 00a K 00c ~g0f i
~Ai ~d

0

f i
~Bi

7 3 4 8 7 1 77.7 8.0 �4.5 �23.5

7 4 4 8 7 1 57.2 8.0 1.4 �23.5

7 5 2 8 7 1 54.7 8.0 2.2 �23.5

7 6 2 8 7 1 31.6 8.0 �2.0 �23.5

7 7 0 8 7 1 30.9 8.0 �11.0 �23.5

8 4 4 8 7 1 68.1 8.0 2.9 �23.5

8 6 2 8 7 1 35.7 8.0 0.3 �23.5

8 7 2 8 7 1 28.3 8.0 �3.3 �23.5

8 8 0 8 7 1 31.2 8.0 �9.5 �23.5

9 6 4 8 7 1 40.6 8.0 1.2 �23.5

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1.
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4.2.3. Third level of approximation

Up to this point we had at our disposal measurements or theoretical calculations with which to
determine the semi-empirical coefficients for the air-broadened half-widths or the air pressure-
induced frequency shifts. It was also necessary to obtain semi-empirical coefficients for sets of
rotational quantum numbers for which we have no measurements or calculations. For these cases,
we used average values of semi-empirical coefficients obtained for either the same set of lower
rotational quantum numbers or the same J quantum number. The method consists of first using
the average values of the semi-empirical coefficients determined directly from the fit of the
experimental or theoretical data (see Section 4.1) corresponding to identical lower rotational
quantum numbers. These average values are given in Table 4. If the lower rotational quantum
numbers of the transition are not present in Table 4, we used the average values of the semi-
empirical coefficients determined in Section 4.2.2 (see Table 8). These coefficients are given in
Table 9. Finally, if the lower rotational quantum numbers of the transition do not correspond to
any case that we have treated, a rough approximation based only on the quantum number J of the
lower state is used. Because of the uncertainty in this last approximation, it has only been applied
to the air-broadened half-widths in order to determine a complete set of data for this parameter.
In this approximation, the semi-empirical coefficients for the air-broadened half-widths are
obtained by a linear fit of the average values of Table 4 versus the rotational-state index (see Fig.
4). The results are given in Table 10. Note that while this last approximation is not as accurate as
the previous ones, it has only been applied to some transitions with high rotational quantum
numbers.
5. Comparison with measurement and theory

In this Section, the air-broadened half-widths and air pressure-induced line shifts calculated
using the empirical coefficients determined by several levels of approximation are compared with
a database of measurements [22]. This database contains measurements of 14,341 transitions of
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Table 9

Average values of semi-empirical coefficients on each set of lower rotational quantum numbers using the data obtained

in Section 4.2.2

J 00 K 00a K 00c ~g0f i
~Af i ~d

0

f i
~Bf i J 00 K 00a K 00c ~g0i ~Ai ~d

0

i
~Bi

5 5 1 67.5 6.0 14 7 8 32.4 13.3 �4.6 �35.6

6 6 0 55.4 6.7 �0.2 �20.5 14 8 6 24.2 13.3 �4.2 �35.6

7 6 2 54.0 7.2 14 8 7 24.2 13.3 �3.5 �35.6

7 7 1 43.5 7.3 1.2 �21.9 14 9 5 21.3 13.3 �3.1 �35.6

8 7 1 42.7 8.0 �2.3 �23.5 14 9 6 22.2 13.3 �2.8 �35.6

8 8 0 27.9 8.1 0.7 �23.7 14 10 4 18.3 13.3 �3.0 �35.6

9 6 4 50.2 8.6 14 10 5 18.3 13.3 �3.0 �35.6

9 7 3 43.1 8.7 �2.9 �25.1 14 11 3 12.8 13.3 �0.5 �35.6

9 8 2 29.6 8.8 �2.9 �25.3 14 11 4 16.0 13.3 �2.5 �35.6

9 9 0 24.3 8.9 �1.6 �25.6 14 12 2 6.6 13.3 �3.0 �35.6

9 9 1 20.8 8.8 �1.1 �25.5 14 12 3 12.7 13.3 �6.1 �35.6

10 2 8 58.6 9.1 14 13 1 3.2 13.3 �1.1 �35.6

10 3 7 70.6 9.2 14 13 2 3.2 13.3 �1.1 �35.6

10 4 6 75.8 9.3 14 14 0 2.3 13.3 0.6 �35.6

10 5 5 62.5 9.4 �9.1 �26.7 14 14 1 2.3 13.3 0.6 �35.6

10 6 4 48.8 9.4 15 0 15 22.8 13.3 �2.2 �35.6

10 6 5 49.0 9.4 15 1 14 23.0 13.3 �1.3 �35.6

10 7 3 42.0 9.5 �3.1 �27.1 15 1 15 18.6 13.3 �3.7 �35.6

10 7 4 44.1 9.5 �4.0 �27.0 15 2 13 20.4 13.3 0.0 �35.6

10 8 2 32.1 9.6 �3.1 �27.3 15 2 14 19.0 13.3 �2.4 �35.6

10 8 3 32.5 9.6 �4.2 �27.2 15 3 12 26.5 13.3 2.8 �35.6

10 9 1 22.8 9.7 �5.4 �27.5 15 3 13 23.8 13.3 �0.9 �35.6

10 9 2 28.1 9.7 �4.0 �27.4 15 4 11 46.0 13.3 9.7 �35.6

10 10 0 17.1 9.8 �5.5 �27.7 15 4 12 30.5 13.3 0.2 �35.6

10 10 1 17.7 9.8 �5.1 �27.6 15 5 10 55.7 13.3 �1.6 �35.6

11 1 11 39.2 9.9 15 5 11 33.3 13.3 0.6 �35.6

11 2 10 39.9 10.0 15 6 9 54.1 13.3 �13.7 �35.6

11 3 8 65.2 10.1 15 6 10 34.6 13.3 �2.8 �35.6

11 3 9 45.3 10.1 15 7 8 32.1 13.3 �8.7 �35.6

11 4 7 72.7 10.2 15 7 9 30.6 13.3 1.6 �35.6

11 4 8 49.6 10.2 15 8 7 22.6 13.3 �3.3 �35.6

11 5 6 64.3 10.3 15 8 8 21.7 13.3 �2.2 �35.6

11 5 7 50.3 10.2 �7.1 �28.7 15 9 6 20.1 13.3 �2.8 �35.6

11 6 5 46.2 10.4 �9.0 �29.0 15 9 7 20.0 13.3 �2.8 �35.6

11 6 6 44.9 10.3 �6.5 �28.9 15 10 5 17.5 13.3 �2.7 �35.6

11 7 4 40.8 10.5 �3.6 �29.2 15 10 6 15.8 13.3 �1.5 �35.6

11 7 5 37.2 10.4 �3.1 �29.1 15 11 4 12.0 13.3 2.8 �35.6

11 8 3 32.6 10.5 �4.2 �29.4 15 11 5 12.0 13.3 2.8 �35.6

11 8 4 31.1 10.5 �4.8 �29.3 15 12 3 7.0 13.3 �2.4 �35.6

11 9 2 26.4 10.6 �6.1 �29.6 15 12 4 7.0 13.3 �2.4 �35.6

11 9 3 24.1 10.6 �7.0 �29.5 15 13 2 2.9 13.3 �2.3 �35.6

11 10 1 19.2 10.7 �4.2 �29.8 16 0 16 15.4 13.3 �1.5 �35.6

11 10 2 18.1 10.7 �3.8 �29.7 16 1 15 16.7 13.3 �2.3 �35.6

11 11 0 14.6 10.8 �0.5 �30.0 16 1 16 15.7 13.3 �3.6 �35.6

11 11 1 12.4 10.8 0.9 �29.9 16 2 14 16.0 13.3 �1.0 �35.6
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Table 9 (continued )

J 00 K 00a K 00c ~g0f i
~Af i ~d

0

f i
~Bf i J 00 K 00a K 00c ~g0i ~Ai ~d

0

i
~Bi

12 1 11 36.6 10.9 16 2 15 16.3 13.3 �3.6 �35.6

12 2 10 38.0 11.0 16 3 13 21.5 13.3 0.6 �35.6

12 2 11 35.4 11.0 16 3 14 21.4 13.3 �1.0 �35.6

12 3 9 55.4 11.1 8.3 �30.7 16 4 12 34.5 13.3 9.5 �35.6

12 4 8 65.7 11.2 �1.9 �30.9 16 4 13 24.4 13.3 �0.1 �35.6

12 4 9 44.5 11.2 16 5 11 49.4 13.3 5.2 �35.6

12 5 7 65.6 11.3 �8.8 �31.1 16 5 12 29.0 13.3 �0.5 �35.6

12 5 8 44.9 11.2 16 6 10 56.3 13.3 �13.2 �35.6

12 6 6 46.5 11.4 �10.9 �31.3 16 6 11 31.6 13.3 �1.8 �35.6

12 6 7 42.4 11.3 �7.4 �31.2 16 7 9 35.7 13.3 �8.6 �35.6

12 7 5 36.7 11.5 �5.2 �31.5 16 7 10 26.3 13.3 �0.3 �35.6

12 7 6 36.5 11.4 �4.9 �31.4 16 8 8 18.7 13.3 �4.1 �35.6

12 8 4 30.1 11.6 �4.9 �31.7 16 8 9 20.4 13.3 �1.1 �35.6

12 8 5 31.3 11.5 �4.5 �31.6 16 9 7 16.4 13.3 �1.6 �35.6

12 9 3 23.9 11.6 �4.4 �31.9 16 9 8 16.4 13.3 �1.6 �35.6

12 9 4 24.3 11.6 �4.1 �31.8 16 10 6 15.3 13.3 �1.6 �35.6

12 10 2 18.6 11.7 �3.4 �32.1 16 10 7 15.3 13.3 �1.6 �35.6

12 10 3 18.9 11.7 �4.4 �32.0 16 11 5 12.6 13.3 2.8 �35.6

12 11 1 12.0 11.8 �2.1 �32.3 16 11 6 12.6 13.3 2.8 �35.6

12 11 2 12.0 11.8 �2.1 �32.2 16 12 5 7.6 13.3 �2.0 �35.6

12 12 0 4.7 11.9 �1.1 �32.5 17 0 17 9.6 13.3 �3.8 �35.6

12 12 1 7.7 11.9 0.6 �32.4 17 1 16 17.2 13.3 �1.3 �35.6

13 0 13 32.3 11.9 17 1 17 11.7 13.3 �1.3 �35.6

13 2 11 31.6 12.1 17 2 15 18.7 13.3 �1.1 �35.6

13 2 12 30.7 12.1 �1.1 �32.9 17 2 16 11.0 13.3 �2.2 �35.6

13 3 10 43.9 12.2 7.8 �33.2 17 3 14 18.3 13.3 0.7 �35.6

13 3 11 33.0 12.2 �2.4 �33.1 17 3 15 17.4 13.3 0.8 �35.6

13 4 9 59.0 12.3 3.3 �33.4 17 4 13 28.3 13.3 6.0 �35.6

13 4 10 37.9 12.2 �1.3 �33.3 17 4 14 24.9 13.3 �1.2 �35.6

13 5 8 66.0 12.4 �8.3 �33.6 17 5 12 47.6 13.3 11.4 �35.6

13 5 9 39.4 12.3 �4.9 �33.5 17 5 13 29.2 13.3 5.8 �35.6

13 6 7 48.2 12.5 �12.6 �33.8 17 6 11 54.2 13.3 �12.7 �35.6

13 6 8 38.6 12.4 �7.3 �33.7 17 6 12 44.9 13.3 16.5 �35.6

13 7 6 36.2 12.6 �6.9 �34.0 17 7 10 42.6 13.3 �7.4 �35.6

13 7 7 33.8 12.5 �5.1 �33.9 17 7 11 23.8 13.3 6.8 �35.6

13 8 5 29.5 12.7 �3.1 �34.2 17 8 9 18.9 13.3 �5.4 �35.6

13 8 6 27.7 12.6 �3.8 �34.1 17 8 10 17.2 13.3 �0.9 �35.6

13 9 4 22.8 12.7 �3.5 �34.4 17 10 7 14.8 13.3 �1.8 �35.6

13 9 5 22.8 12.7 �3.5 �34.3 18 0 18 11.7 13.3 �1.3 �35.6

13 10 3 19.1 12.8 �3.4 �34.6 18 1 17 11.6 13.3 �1.3 �35.6

13 10 4 17.6 12.8 �3.2 �34.5 18 1 18 9.8 13.3 �1.7 �35.6

13 11 2 13.2 12.9 �1.4 �34.8 18 2 16 8.6 13.3 �2.1 �35.6

13 11 3 13.2 12.9 �1.4 �34.7 18 2 17 14.2 13.3 �2.6 �35.6

13 12 1 7.0 13.0 �2.8 �35.0 18 3 15 17.9 13.3 4.8 �35.6

13 12 2 7.0 12.9 �2.8 �34.9 18 3 16 16.4 13.3 �2.3 �35.6

13 13 0 3.2 13.1 0.3 �35.2 18 4 14 22.9 13.3 11.4 �35.6

13 13 1 2.8 13.0 �0.5 �35.1 18 4 15 16.2 13.3 �4.7 �35.6

14 0 14 25.1 13.1 �2.2 �35.3 18 5 14 28.5 13.3 3.8 �35.6
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Table 9 (continued )

J 00 K 00a K 00c ~g0f i
~Af i ~d

0

f i
~Bf i J 00 K 00a K 00c ~g0i ~Ai ~d

0

i
~Bi

14 1 13 21.0 13.2 �1.8 �35.5 18 6 13 33.5 13.3 12.0 �35.6

14 2 12 24.4 13.3 1.4 �35.6 18 7 12 24.2 13.3 6.2 �35.6

14 2 13 27.0 13.3 �1.6 �35.6 18 8 11 16.9 13.3 0.7 �35.6

14 3 11 34.7 13.3 5.1 �35.6 19 0 19 6.2 13.3 �1.8 �35.6

14 3 12 29.9 13.3 �0.8 �35.6 19 1 18 5.9 13.3 �2.7 �35.6

14 4 10 53.6 13.3 6.8 �35.6 19 1 19 6.2 13.3 �1.8 �35.6

14 4 11 32.5 13.3 �0.9 �35.6 19 2 17 12.2 13.3 �0.9 �35.6

14 5 9 62.2 13.3 �6.0 �35.6 19 2 18 5.9 13.3 �2.7 �35.6

14 5 10 33.7 13.3 �3.1 �35.6 19 3 17 14.2 13.3 �0.1 �35.6

14 6 8 50.7 13.3 �13.0 �35.6

14 6 9 35.7 13.3 �7.0 �35.6

14 7 7 34.7 13.3 �35.6

Note: The semi-empirical coefficients are given in 10�3 cm�1 atm�1. A blank means that the average semi-empirical

coefficients have already been determined in Table 4.

Table 10

Semi-empirical coefficients obtained from averaging data of Table 4 for each J 00 quantum number, or by using the

extrapolation described in Section 4.2.2

J 00 ~g0J ~AJ

0 100.5 2.8

1 100.5 3.6

2 95.5 4.8

3 90.7 5.1

4 84.9 5.7

5 79.3 6.4

6 73.5 7.3

7 67.1 8.4

8 61.3 10.6

9 56.0 9.3

10 50.1 10.1

11 44.6 9.7

12 39.6 11.6

13 35.8 12.0

14 31.4 13.0

15 28.8 13.3

16 24.1 13.3

17 20.8 13.3

18 15.5 13.3

19 7.5 13.3

20 7.5 13.3

21 7.5 13.3

22 7.5 13.3

23 7.5 13.3

24 7.5 13.3
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water vapor in mixtures with air, 14,339 air-broadened half-widths and 8925 air pressure-induced
line shifts. Data, for transitions for which multiple measurements were made, were taken and an
averaged half-width or pressure-induced line shift was determined with a corresponding
uncertainty (see Ref. [22] for details). The resulting file is called the intercomparison database.
In Fig. 6, the half-widths, gobs, from the intercomparison database are compared with those
determined by the empirical coefficients, gcalc, from Section 4.1. The solid line is the 45

� line, i.e.
gobs ¼ gcalc. There are 2553 half-widths compared with an average percent difference of 1.0 and a
standard deviation (SD) of about 6.5%. Comparing measurement with half-widths determined
from the empirical coefficients of Section 4.2.1 gives an average percent difference of 1.4 and a
standard deviation of �8% for 459 transitions. Using the empirical coefficients of Section 4.2.2,
165 transitions can be compared giving an average difference of 5.4% and a SD of 8.9%. For the
half-widths determined by the methods of Section 4.2.3, too few comparisons are made to report
statistics.
Similar comparisons were made for the line shifts. Fig. 7 is a plot of dobs vs. dcalc where the

calculated line-shift coefficients are from the method of Section 4.1. The solid line in the figure
signifies dobs ¼ dcalc. Here the difference between dobs and dcalc was considered for the statistics.
The average deviation between the intercomparison database and the approximate line shifts
comparing 630 points is 0:0017 cm�1 atm�1 and the standard deviation is 0:0019 cm�1atm�1. For
the line shifts determined by the method of Section 4.2.1, there are 45 comparisons with the
intercomparison database giving an average deviation of 0:0020 cm�1 atm�1 and a standard
deviation of 0:0019 cm�1 atm�1. Fig. 8 is a plot of this comparison. The figure shows that the
approximate dcalc yields a shift that is more negative than the measured value. Too few
comparisons are made for coefficients determined by the methods of Sections 4.2.2 and 4.2.3 to
report statistics.
Another comparison was recently performed using the new empirical calculation of Toth [23].

Note that the experimental results of Ref. [23] have been used in our semi-empirical calculation.
Fig. 6. Measured intercomparison database air-broadened half-widths, gobs, vs. gcalc determined by the empirical
coefficients, from Section 4.1. The solid line in the figure signifies gobs ¼ gcalc.
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Fig. 8. Measured intercomparison database air pressure-induced line shifts, dobs, vs. dcalc determined using the second
level of approximation (Section 4.2.1). The solid line in the figure signifies dobs ¼ dcalc.

Fig. 7. Measured intercomparison database air pressure-induced line shifts, dobs, vs. dcalc determined by the empirical
coefficients from Section 4.1. The solid line in the figure signifies dobs ¼ dcalc.
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A complete comparison of the discrepancies both between the calculation and the measurements
of Ref. [23], and between the calculation from this paper and those measurements, is presented in
Figs. 9 and 10. Measurements for both gair and dair from Toth [23] are available for 4500
transitions between the 500 and 8000 cm�1 spectral region. Complete statistics show that the
difference between Toth’s calculation and Toth’s measurements, and between this work and
Toth’s measurements, have the same order of magnitude. This is interesting especially if we
consider that the semi-empirical functions used in this paper are only a function of vibrational
quantum numbers, whereas the functions used by Toth [23] are only a function of rotational
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Fig. 9. Ratio for the air-broadened coefficients both between the calculation and the measurements of Toth [23] (solid

squares), and between the calculations presented in this paper and the measurements [23] (open triangles).
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quantum numbers. These comparisons only demonstrate that for an accuracy of 
5% for the air-
broadened half-widths, the two models give similar results.
6. Conclusion

It should be emphasized that the work presented here is a first step in determining the half-
widths and pressure-induced line shifts for the principal isotopologue of water vapor, H2

16O. As
new and better measurement and calculations become available, the parameters from this work
will be updated using these improved data. A fit of air-broadened half-widths and air pressure-
induced frequency shifts from experimental and theoretical works led to semi-empirical
coefficients for about 700 sets of rotational quantum numbers. These semi-empirical coefficients
allowed the calculation of gair and dair for any rovibrational transition corresponding to these sets
of rotational quantum numbers, which corresponds to approximately half of the H2

16O transitions
present in HITRAN.
Moreover, from averages of these semi-empirical coefficients, from measurements and

calculations, and using approximations, we have determined approximate semi-empirical
coefficients for the sets of rotational quantum numbers that were needed to have a complete
set. This complete set of semi-empirical coefficients made it possible in principle to generate gair
and dair for almost all transitions of H2

16O in HITRAN. A procedure was developed that
added the air-broadened half-width and air pressure-induced line shift from a number of sources
including: data from intercomparison of measurement (3541 transitions for gair and 680
transitions for dair) [22], data from the measurement database (14,355 transitions for gair and 8754
transitions for dair) [22], Toth’s smoothened values (7716 transitions for gair and 2978 transitions
for dair) [23], CRB calculations (6040 transitions for gair and 6040 transitions for dair) [12,13,18,24],
and finally gair and dair presented in this work. Even with this new algorithm for half-widths and
pressure-induced line shifts, the work developed here is used for 46.5% of the half-widths and
52.3% of the line shifts of H2

16O in HITRAN [1]. Note that 10.5% of the transitions still do not
have line-shift data.
Semi-empirical half-widths and pressure-induced line shifts were determined for as many H2

16O
transitions possible and, when no data were available from the algorithm discussed above, the
semi-empirical values are used. It is interesting to note the proportion of line parameters
determined in each of the steps. Of the 36,114 H2

16O transitions in the currentHITRAN edition [1],
16,600 air-broadened half-widths and 19,387 air pressure-induced frequency shifts could be
calculated using the semi-empirical coefficients obtained in step 1 (Section 4.1), 8662 air-
broadened half-widths and 7895 air pressure-induced frequency shifts were calculated using the
semi-empirical coefficients obtained in step 2 (Section 4.2.1), 5414 air-broadened half-widths and
3394 air pressure-induced frequency shifts were calculated using the semi-empirical coefficients
obtained in step 3 (Section 4.2.2), 108 air-broadened half-widths and air pressure-induced
frequency shifts were calculated using the semi-empirical coefficients obtained in step 4 (Section
4.2.3 with average values of the semi-empirical coefficients from Table 4), 1538 air-broadened
half-widths and air pressure-induced frequency shifts have been calculated using the semi-
empirical coefficients obtained in step 5 (Section 4.2.3 with average values of the semi-empirical
coefficients from Table 9), and only 43 air-broadened half-widths have been calculated using the
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semi-empirical coefficients obtained in step 6 (Section 4.2.3 with average values of the
semi-empirical coefficients from Table 10) the case of high rotational quantum numbers. Note
also that 3749 transitions of the H2

16O isotopologue are not assigned in HITRAN [1], and have a
default value of 0:07 cm�1atm�1 for the air-broadened half-width.
In order to keep this update maintainable, a different reference has been used for the

parameters determined from a different step of the calculation. With respect to the uncertainty, we
used the same codes as those of HITRAN: we chose for the air-broadened half-widths a code 5
(accuracy between 5% and 10%) when this parameter has been obtained in step 1, a code 4
(between 10% and 20%) when it has been obtained in step 2, a code 4 (between 10% and 20%)
when it has been obtained in step 3, and a code 3 (greater than 20%) when it has been obtained
from steps 4 and 5 and code 2 (average or estimate) when it has been obtained from step 6. For the
air pressure-induced frequency shifts, we chose a code 3 (accuracy between 0.001 and
0:01 cm�1atm�1) when this parameter has been obtained in step 1 or 2, and a code 2 (between
0.01 and 0:1 cm�1atm�1) when it has been obtained in steps 3, 4, or 5.
The new set of air-broadening half-widths and air-pressure shift frequency described in this

paper has been tested using the Far Infrared high Resolution atmospheric Spectra recorded from
the FIRS-2 balloon-borne interferometer [25]. FIRS-2 operates over the far-infrared wavelength
region from 80 to 1400 cm�1. The long wavelength part of the band is dominated by the rotational
transitions of H2O. Ref. [26] shows that introducing the calculation of the line-shape parameters
determined in this work gave better results compared with the use of the coefficients from the
previous HITRAN database [3], especially for limb-viewing spectra with tangent altitudes in the
upper troposphere. It seems clear that the line-shape parameters determined in this work are an
improvement over the values that were used on the previous versions of HITRAN. The use of
these new parameters to supplement those from databases of measurement and CRB calculations
should lead to a much improved set of line-shape parameters for water vapor.
These new air-broadened half-widths and air pressure-induced frequency shifts will contribute

to improved atmospheric remote sensing, and will aid important experiments, for example the
Earth Observing System (EOS) experiments [27], the National Polar-orbiting Operational
Environmental Satellite System (NPOESS) [28], and the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) [29]. An identical study on the vibrational dependence of self-
broadened half-widths is planned, and will lead to an update of these coefficients in a future
HITRAN edition. The Tables presented in this paper are available in their complete form on
request to the authors.
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