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Line intensities of 12C16O2 transitions have been measured by CW-Cavity Ring Down Spectroscopy in four
wavenumber intervals near 1.6 lm. Intensity values of 952 transitions ranging from 1.10 � 10�28 to
4.94 � 10�25 cm/molecule were retrieved with an average accuracy of 4%. These transitions belong to a
total of 30 bands corresponding to the DP = 9 series of transitions. The achieved sensitivity (noise equiv-
alent absorption amin � 3 � 10�10 cm�1) allows lowering by more than two orders of magnitude the
lower intensity values measured in the region. Comparison with the values included in the JPL database
[R.A. Toth, L.R. Brown, C.E. Miller, V. Malathi Devi, D.C. Benner, J. Quant. Spectrosc. Radiat. Transf. 109
(2008) 906–921] shows residuals exceeding one order of magnitude for weak lines. The measured inten-
sities together with a selection of experimental intensities available in the literature were used to extend
and refine the set of effective dipole moment parameters for the DP = 9 series of transitions of the prin-
cipal isotopologue of carbon dioxide. The refined parameters allow reproducing, within the experimental
uncertainties, the whole set of intensity measurements which extends over nearly six orders of magni-
tude (1.10 � 10�28–6.12 � 10�23 cm/molecule). Combining the CW-CRDS line positions with the calcu-
lated line intensities, a line list has been generated for the whole 5851–7045 cm�1 region and is
provided as Supplementary Material. The obtained effective dipole moment parameters have also been
used to generate the DP = 9 series of transitions included in the new version of the CDSD database.
The comparison of the CDSD line intensities with the values provided by the HITRAN-2004 database
shows discrepancies up to 80% for some of the bands while discrepancies up to three orders of magnitude
are noted for the weakest bands included in the JPL database.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The present contribution participates to the development of an
improved version of the Carbon Dioxide Spectroscopic Databank
(CDSD) [1,2]. It is devoted to the retrieval of experimental line
intensities from new spectra recorded by CW-Cavity Ring Down
Spectroscopy (CW-CRDS), and to the improvement of the theoret-
ical description of the line intensities within the framework of the
effective operators approach [3–8] for the principal isotopologue,
12C16O2, of carbon dioxide in the 1.6 lm region. The spectrum of
carbon dioxide in this region is formed by the transitions belonging
to the DP = 9 series. According to the classification defined within
the effective operators approach, the series of transitions are iden-
tified by the difference DP = P0 � P00, where P = 2V1 + V2 + 3V3 is an
integer that labels each polyad of vibrational basis states coupled
by anharmonic and Coriolis resonance interactions [3]. Vi is the
ll rights reserved.
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vibrational quantum number associated with the mode of vibra-
tion i.

The high sensitivity of the CW-CRDS spectrometer developed in
Grenoble [9–14] makes possible to determine accurate values of
line intensities down to 10�28 cm/molecule which is more than
two orders of magnitude lower than the minimum value of the
intensities previously measured in the region considered. The ob-
tained results give the opportunity to discuss the recently
elaborated JPL (Jet Propulsion Laboratory) carbon dioxide spectro-
scopic database [15]. This database is constructed on very precise
measurements of line positions and line intensities by Fourier
Transform Spectroscopy (FTS) [16–20]. However the authors of this
database extrapolated their data down to a very low intensity cut-
off of 4 � 10�30 cm/molecule while the minimum value of their
measured line intensities was about 2 � 10�26 cm/molecule. As
discussed in our recent publication devoted to the 13C16O2 isotopo-
logue [21], this long range extrapolation leads to large residuals
when compared to our observations both for line positions and line
intensities. In the present study, we established a similar compar-
ison for the principal isotopologue of carbon dioxide, 12C16O.

mailto:Alain.Campargue@ujf-grenoble.fr
mailto:vip@lts. iao.ru
mailto:vip@lts. iao.ru
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http://www.elsevier.com/locate/jms


B.V. Perevalov et al. / Journal of Molecular Spectroscopy 252 (2008) 190–197 191
In the 1.6 lm region, the line intensities of the strong cold par-
allel bands dominating the spectrum have been measured by sev-
eral authors using different experimental techniques: grating
spectrometer [22], Fourier transform spectrometers [18,23–29]
and diode laser absorption spectrometers [29–32]. The comparison
of these measured line and band intensities has been detailed in
Refs. [18,28]. The line intensities of the 3111i-01101 (i = 2, 3) and
01131-01101 hot bands have been measured in Ref. [28] and Ref.
[26], respectively. In a recent JPL publication [18], accurate line
intensity values were reported for the 00031-00001 and 3001i-
00001 (i = 1–4) cold bands and for their respective hot bands.
The line intensities of two cold perpendicular bands 1112i-00001
(i = 1, 2) were also obtained [18]. However, important experimen-
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Fig. 1. Overview of the 12C16O2 measured line intensities and those provided by the most
panel: transitions whose line strengths were experimentally determined and used as inpu
are highlighted with squares. Middle panel: CDSD database. Lower panel: the weak 4110i-
by the CDSD database. The CW-CRDS recordings were specifically dedicated to the line i
tal information were still missing for the determination of the
effective dipole moment parameters of the DP = 9 bands [8] which
hampered a satisfactory modeling of the CO2 absorption spectrum
near 1.6 lm: no intensity measurements were available for the
very weak 4110i-00001 (i = 1–5) and 2002i-01101 (i = 1–3) per-
pendicular bands and for the 2221i-00001 (i = 1–3) ‘‘forbidden”
bands. These bands are showed on the lower panel of Fig. 1 to-
gether with the four spectral intervals chosen for new CW-CRDS
measurements dedicated to these specific bands: 5851–5881,
5972–6035, 6373–6542 and 6622–6750 cm�1. On the middle pa-
nel, the 12C16O2 overview spectrum as included in the new version
of the CDSD [36] is presented for the 5800–6800 cm�1 region. The
transitions measured by FTS in Ref. [18] are displayed in the upper
mber (cm-1)
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t data for the dipole moment operators fit. The line strengths measured by CW-CRDS
00001 (i = 1–5), 2002i-01101 (i = 1–3) and 2221i-00001 (i = 1–3) bands as provided

ntensity measurements of these bands. The studied spectral intervals are indicated.
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panel together with our new CW-CRDS measurements. Note that
the line intensities of the bands of interest are lower than
10�26 cm/molecule, hence below the FTS detection threshold. The
line positions analysis of the CW-CRDS spectrum in the whole
5850–7045 cm�1 range has been published in a separate contribu-
tion [34].

In the second part of the paper, our intensity values are gath-
ered with measurements available in the literature in order to ex-
tend and refine the set of effective dipole moment parameters for
the DP = 9 series of transitions in 12C16O2.

2. Experimental details

The fibered CW-CRDS spectrometer and the procedure adopted
for an accurate calibration of the wavenumber scale of the re-
corded spectra were described in Refs. [9–14,33]. The typical sen-
sitivity (noise equivalent absorption amin � 2–5 � 10�10 cm�1),
the wide spectral coverage and the four to five decades linear dy-
namic range make it an ideal tool for high sensitivity absorption
spectroscopy in the important atmospheric window of transpar-
ency around 1.5 lm. The full 5850–7045 cm�1 range can be inves-
tigated with the help of about 50 Distributed Feed-Back (DFB)
diode lasers. The tuning range of each DFB laser is about 7 nm
(�30 cm�1) by temperature variation from �10 to 65 �C. In the
present study, a total of 15 diode lasers were necessary to cover
the four spectral intervals of interest (see Fig. 1). The typical ring
down times were on the order of 60 ls but decreased to about
20 ls at 5900 cm�1, which corresponds to the low energy limit of
the high reflectivity region of the mirror set used. The ring down
cell was filled with carbon dioxide in natural isotopic abundance
(Fluka, stated purity >99.998%). The pressure, measured by a
capacitance gauge, as well as the ringdown cell temperature, were
monitored during the spectrum acquisition. The sample pressure
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Fig. 2. Comparison of the CW-CRDS spectrum of carbon dioxide (P = 13.3 hPa) in natural
the ordinate scale has been amplified by a factor of 55 in order to visualize lines which ar
spectrum was obtained as a sum of Voigt profiles whose parameters were determined w
was fixed to a value of 10.0 Torr and the room temperature was
296 ± 2 �K.

3. Line intensity retrieval

The integrated absorption coefficient I (in cm�2) was obtained
for each line using an interactive least squares multi-lines fitting
program, which uses the Levenberg–Marquardt algorithm to min-
imize the deviation between the observed and calculated spectra.
This procedure has been described in details in our previous paper
[35]. The CO2 line profile was assumed to be of Voigt type. The
Gaussian line widths were fixed to the values calculated for the
Doppler broadening, according to the measured temperature and
masses of the CO2 isotopologues. The Lorentzian line widths were
calculated as the product of the sample pressure by the self-broad-
ening coefficients provided in the HITRAN database [37]. Because
the laser line width is much smaller than the Doppler width, the
contribution of the apparatus function can be neglected. The base-
line was modelled by a linear or a quadratic function of the wave-
number. The lines due to water vapor (H2O and HDO), present as
an impurity in the sample, were also fitted. Their Gaussian line
widths were fixed to their theoretical values while the Lorentzian
component was calculated using the H2O broadening coefficients
due to collisions with CO2 [38]. The position and integrated absor-
bance of each line and the baseline coefficients were provided by
the fitting procedure. Fig. 2 illustrates the large dynamics achieved
on the measurement of the line intensities and the quality of the
spectrum reproduction.

The absolute line intensity or integrated absorption coefficient
per pressure unit eS (in cm�2 atm�1) was deduced from the inte-
grated absorption coefficient I using the equation:

eS ¼ I
P
; ð1Þ
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ith an interactive least-squares multi-lines fitting program (see text).
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Fig. 3. Ratio of the 12C16O2 line intensities provided in the JPL database [15] to the
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where P is the 12C16O2 partial pressure (in atm). Each eS value was
then converted to the absorption line intensity S(T0) (in cm/mole-
cule) according to the following expression:

SðT0Þ ¼
1

NL

T0

273:15
eS; ð2Þ

where T0 = 296 K and NL = 2.68676 � 1019 molecule cm�3 atm�1 is
the Loschmidt number.

The relative concentration of water vapour contaminating the
CO2 sample was retrieved from the observed H2O line intensities
in different spectral regions. The obtained values were always low-
er than 2 � 10�3 and the H2O contribution to the total pressure va-
lue was then neglected.

Taking into account the transitions due to the different CO2 iso-
topologues (12C16O2, 13C16O2, 16O12C18O, 16O12C17O, 16O13C18O)
[34], the lines due H2O and HDO present as an impurity, the exis-
tence of overlapping spectral regions recorded with successive
diode lasers, the total number of fitted line profiles was about
4600. After averaging of the line intensities of the same line deter-
mined from different spectra, 1572 line intensity values ranging
from 1.53 � 10�29 to 4.94 � 10�25 cm/molecule were obtained for
12C16O2. Note that the strongest lines (S > 5 � 10�25 cm/molecule)
which were saturated on the spectrum were not fitted since the
accurate line intensities of these lines were measured in Ref.
[18]. We fixed the lower line intensity cutoff to a value of
10�28 cm/molecule and removed from the list 214 line intensities
below this value because of insufficient accuracy. In addition,
406 intensity values of the lines with unsatisfactory line profile
reproduction (blended lines or incorrect baseline) were excluded.
The fitting error was estimated to be 3% or better for well-isolated
lines. The larger errors were mainly due to the uncertainty on the
baseline determination which became more important for the
weak lines. The final set, thus containing 952 12C16O2 line intensi-
ties, was used as input data to the fit of the effective dipole mo-
ment parameters (see below). Taking into account the line profile
fitting errors and the uncertainties on the temperature (±2 K) and
pressure (±0.5%), we estimated that the accuracy of these 952 line
intensities should be 4% or better for most of the lines and at most
7% for the weakest and strongly blended lines.

Fig. 3 shows the comparison of our line intensities with those
provided in the JPL database [15] and with those measured at JPL
[18]. A good agreement is noted with the measured line intensities
whereas the residuals between our measurements and the line
intensities extrapolated (or theoretically predicted) at JPL can ex-
ceed one order of magnitude. The major reason of these disagree-
ments is that simple empirical expansions of the transition
moment squared in terms of vibrational moment squared and
Herman–Wallis parameters, as used for the transitions beyond
JPL observations, cannot be applied in the case of perturbed bands.
Moreover, the choice of a low intensity cutoff (4 � 10�30 cm/mole-
cule) forces long range extrapolations on the angular momentum
quantum number J. Such extrapolations are particularly hazardous
as occurrences of perturbations are expected to increase with J val-
ues and may be pronounced.
4. Modeling and fitting of the line intensities

4.1. Theoretical approach

Using the effective operators approach, it is possible to model
simultaneously the line intensities of the cold and hot bands
belonging to the same series of transitions. For the reader’s conve-
nience, we briefly recall this approach which has been presented in
several of our papers [6–8]. As a result of the approximate relations
between the harmonic frequencies
x1 � 2x2; x3 � 3x2 ð3Þ

the effective Hamiltonian [3–5,39] globally describing the line
positions of carbon dioxide is formulated with the assumption
that the vibration–rotation energy levels can be separated in poly-
ads. The effective Hamiltonian takes into account all resonance
interactions between vibration–rotation states belonging to the
same polyad, up to the sixth-order of the perturbation theory.
The polyad model of the effective Hamiltonian is very satisfactory
for carbon dioxide, especially for the symmetric species. As men-
tioned in the Introduction the polyads can be identified with the
label

P ¼ 2V1 þ V2 þ 3V3; ð4Þ

where Vi are vibrational quantum numbers.
Within the effective operators approach, the square of the tran-

sition dipole moment of a vibration–rotation transition
P0N0J0e0  PNJe is given by [6–8]

WP0N0 J0e0 PNJe¼

ð2Jþ1Þ
����� X

V1V2‘2V3

X
2DV1þDV2þ3DV3¼DP

D‘2¼0;�1;�2;...

JCV1V2‘2V3
PNe

J 0CV1þDV1V2þDV2‘2þD‘2V3þDV3
P0N0e0 MjD‘2 j

DV

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f D‘2
DV ðV ;‘2Þð1þd‘2 ;0þd‘02 ;0�2d‘2 ;0d‘02 ;0Þ

q
UDJ;D‘2 ðJ;‘2Þ

� 1þ
X

i

jDV
i ViþFD‘2

DV ðJ;‘2Þ
 !�����

2

: ð5Þ

where di;j is the Kronecker symbol and JCV1V2‘2V3
PNe stands for the

expansion coefficient determining the eigenfunction of the lower
state,
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Weff
PNJe ¼

X
2V1þV2þ3V3¼P;‘2

JCV1V2‘2V3
PNe j V1V2 j ‘2 j V3Jei: ð6Þ

The summation runs over all states within the polyad involved. The
definition of the Wang-type basis functions jV1V2j‘2jV3Jei is given,
for example, in Ref. [6]. In the same way, J0CV1V2‘2V3

P0N0e0 stands for the
expansion coefficient within the upper-state polyad. The functions
UDJD‘2 ðJ; ‘2Þ for D‘2 = 0, ±1 are equal to the Clebsh–Gordon coeffi-
cients (1D‘2J‘2j(J + DJ)(‘2 + D‘2)), related to the Hönl–London fac-
tors by the equation

ð1D‘2J‘2 j ðJ þ DJÞð‘2 þ D‘2ÞÞj2 ¼
LD‘2

DJ

2J þ 1
: ð7Þ

The f D‘2
DV ðV ; ‘2Þ functions are listed in Table 1 of Ref. [6] for small val-

ues of the quantum number differences DV. The Herman–Wallis-
type functions FD‘2

DV ðJ; ‘2Þ appearing in Eq. (5) are given in Ref. [7].
Here, we present only the terms used in this paper:

FD‘2
DV ðJ; ‘2Þ ¼ bDV

J m ð8Þ

for the D‘2 = 0 matrix elements,

FD‘2
DV ðJ; ‘2Þ ¼ �

1
2

bDV
J ð2‘2D‘2 þ 1Þ ð9Þ

for the DJ = 0, D‘2 = ±1 matrix elements, and

FD‘2
DV ðJ; ‘2Þ ¼ �

1
2

bDV
J 2‘2D‘2 þ 1ð Þ þ bDV

J m ð10Þ

for DJ = ±1, D‘2 = ±1 matrix elements. Here m = �J for P-branch and
m=J + 1 for R-branch.

The MjD‘2 j
DV , jDV

i (i = 1–3), and bDV
J parameters of the effective di-

pole moment matrix elements involved in Eqs. (5) and (8)–(10) al-
low the simultaneous description of the intensities of all the lines
of cold and hot bands belonging to a series of transitions character-
ized by a given value of DP. These parameters were fitted to the ob-
served line intensities.

4.2. Line intensities fitting

Using the above approach, we have performed the least-squares
fitting of the line intensities set obtained by gathering the CW-CRDS
results with selected intensity data reported in the literature for the
DP = 9 series of transitions [18,22,26,28–31]. The selection has been
Table 1
Experimental data and results of the global fits of the line intensities

Reference Abundance Accuracy (%)

Toth et al. [22] 0.9842 4
Johns et al. [26] 0.9842 2–4
Henningsen and Simonsen [30] 0.9842 2–12
Pouchet et al. [31] 0.9842 1.5–3
Boudjaadar et al. [28] 1.0 3–5
Régalia-Jarlot et al. [29] 0.9842 1.5–2
Toth et al. [18] 0.9842, 0.9952 0.5–3
This work 0.9842 2–7

a N—number of the fitted line intensities from a given source.
b %N—percentage of the line intensities of a given source included into the fit.
c RMS—root mean squares of the residuals for a given source.
d 3% for the cold bands, 5% for the hot bands.

Table 2
Summary of the line intensity fit for the DP = 9 series of transitions in 12C16O2

Number of line intensities Number of bands Jmax Smin
a

2368 40 84 1.10 � 10

a Smin and Smax (in cm/molecule) are the minimum and maximum line intensity value
b n is the number of adjusted parameters.
performed on the basis of the comparative analysis of all published
line intensities following the results of Refs. [18,28]. The sources in
which the line intensities differ considerably from those confirmed
by several authors were not included in the fit. In general, these dis-
carded data came from rather old publications. Because of the com-
parative analysis performed in Refs. [18,28], in several cases, only
part of the data presented in a given source were included into the
fit. In the fitting process, some evident outliers were excluded from
the input file. Table 1 presents the sources of the input data and the
corresponding percentage of line intensities included in the fit. The
values of the expansion coefficients JCV1V2‘2V3

PNe of the eigenfunctions
have been obtained from the global fit of the effective Hamiltonian
parameters to the observed line positions. The initial set of effective
Hamiltonian parameters taken from Ref. [10] was slightly refined
using new observations [34]. The partition functions Q(T) and nucle-
ar statistical weights were taken from Ref. [40].

The aim of the fitting process is to minimize the dimensionless
weighted standard deviation v, defined according to the usual
formula,

v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

Sobs
i �Scalc

i
di

� �2

ðN � nÞ

vuuut
; ð11Þ

where Sobs
i and Scalc

i are, respectively, the observed and calculated
values of the intensity for the ith line; di ¼

Sobs
i ri

100%
, where ri is the mea-

surement error of the i-th line in %, N is the number of fitted line
intensities, and n is the number of adjusted parameters. To charac-
terize the quality of a fit, we also use the root mean square (RMS)
deviation, defined according to the equation

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

Sobs
i �Scalc

i

Sobs
i

� �2

N

vuuut
� 100%: ð12Þ

The line intensities were weighted according to their assumed
uncertainties ri which are based on the declared absolute accura-
cies. When, in a respective source, each individual line was supplied
with its uncertainty, this uncertainty was used in the fit. Otherwise,
we used assumed uncertainty values as given in Table 1.

The fitting results presented in Tables 1 and 2 show that, in
average, our fitted set of effective dipole moment parameters
reproduces the line intensities from all involved experimental
Assumed uncertainty (%) Na %Nb RMSc (%)

4 74 57.2 2.6
150 94.8 2.2

29 69.0 2.5
13 100 1.3

3, 5d 269 100 2.0
2 97 100 1.0
2 808 99.0 2.9
4 928 97.5 3.4

Smax
a v RMS (%) nb

�28 6.12 � 10�23 1.05 2.9 19

s included into the fit.
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sources within their uncertainties. The values of the fitted param-
eters are listed in Table 3. Fig. 4 presents the variation of the resid-
uals between the observed and calculated line intensities versus
the line intensity values. It illustrates the nearly six orders of mag-
nitude dynamics of the line intensities covered by the input data
and the consistency of the line intensities obtained from different
experimental sources.

As a test of the validity of our model, it is worth emphasizing
that no jDl2j > 1 effective dipole moment parameters were neces-
sary to describe the line intensities of the jDl2j > 1 ‘‘forbidden”
bands. These ‘‘forbidden” bands borrow most of their intensities
from ‘‘allowed” bands via l-type and anharmonic + l-type interac-
tions which are taken into account by our effective Hamiltonian
Table 3
Effective dipole moment parameters for DP = 9 series of transitions in 12C16O2

Parametera DV1 DV2 DV3 Dl2 Value Order

M 0 0 3 0 0.31068(34)b 10�3

j1 0 0 3 0 �20.52(39) 10�2

j2 0 0 3 0 2.52(10) 10�2

M 3 0 1 0 �0.26621(13) 10�3

j1 3 0 1 0 �0.21(11) 10�2

j2 3 0 1 0 �0.318(56) 10�2

bJ 3 0 1 0 0.264(11) 10�3

M 2 2 1 0 0.24145(57) 10�4

M 1 4 1 0 �0.1216(15) 10�5

M 0 6 1 0 0.339(28) 10�7

M 1 1 2 1 0.21783(18) 10�4

bJ 1 1 2 1 3.616(41) 10�3

M 0 3 2 1 �0.9378(62) 10�6

bJ 0 3 2 1 11.58(30) 10�3

M 4 1 0 1 �0.288(32) 10�6

bJ 4 1 0 1 80.6(38) 10�3

M 3 3 0 1 0.57(12) 10�7

bJ 3 3 0 1 99.9(63) 10�3

M 2 �1 2 1 0.1947(58) 10�5

a The parameters M are given in Debye while the bJ and ji parameters are
dimensionless. Only relative signs of M parameters within a given series of tran-
sitions are determined.

b The numbers in parentheses are one standard deviation in units of the last
quoted digit.
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Fig. 4. Residuals between the observed and calculated line intensities in the 1.6 lm regi
work.
model. The jDl2j > 1 effective dipole moment parameters give neg-
ligible contributions to the intensities such that no corresponding
parameters were included in our fitting. As an example, Fig. 5
shows that the line intensities of the very weak 22211-00001 ‘‘for-
bidden” band studied in this work, are satisfactorily reproduced
with our set of parameters.

5. New line lists and their comparison with previous databases

By combining the present results and those from our recent pa-
per relative to the line positions in the full 5851–7045 cm�1 range
[10,34], we have generated two line lists for the 12C16O2 isotopo-
logue of carbon dioxide in the 1.6 lm region. The first one is the
CW-CRDS ‘‘experimental” line list, which was constructed by asso-
ciating calculated line intensities to the measured line positions. It
includes 5604 transitions belonging to 94 bands and is provided as
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on versus the line intensity values. A different symbol is used for each experimental

-60 -40 -20 0 20 40 60

-10

-5

0

5

10

S ob
s

S ca
lc

S ob
s

m

22211-00001

Fig. 5. Residuals between the observed and calculated line intensities of the 22211-
00001 ‘‘forbidden” band centered at 6474.532 cm�1 versus the rotational quantum
number m (where m = �J and m = J + 1 for P and R branches, respectively). Note that
the corresponding line intensities are very small, ranging from 1.5 � 10�28 to
2.2 � 10�27 cm/molecule.
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Supplementary Material. The line intensities were calculated using
the above dipole moment parameters. The second line list is the
one included into the new version of the CDSD [36]. Both line posi-
tions and line intensities were calculated in the frame of the polyad
model of effective Hamiltonian and respective effective dipole mo-
ment operator. The intensity cutoff was fixed to a value of
10�30 cm/molecule, i.e. significantly below the CW-CRDS sensitiv-
ity. It consists of 20161 lines belonging to 256 bands.

The detailed comparison of the line positions contained in these
line lists with those from HITRAN, GEISA and JPL databases has
been presented in our previous paper [34]. Here, we focus on the
comparison of the line intensities. In Section 2, it has been shown
that, in the JPL database, extrapolations between 5 � 10�26 cm/
molecule (corresponding to the JPL sensitivity by FTS) and
1 � 10�28 cm/molecule (corresponding to our CW-CRDS measure-
ments), are responsible for important deviations up to a factor of
10. Such disagreements are expected to increase when extrapolat-
ing down to 4 � 10�30 cm/molecule which is the intensity cutoff
adopted in the JPL database. Indeed, Fig. 6 shows that the ratios
of the CDSD intensities [36] to the (mostly extrapolated) JPL inten-
sities [15] range from 0.004 to 1000, reflecting the poor extrapola-
tion capabilities of the empirical model used in Ref. [15].

The comparison of our calculated line intensities with those
contained in the current version of the HITRAN database [37]
shows rather large residuals for some of the hot bands and weak
cold bands (see Fig. 7). The HITRAN intensities for these bands
were calculated using the Direct Numerical Diagonalization
(DND) approach [41]. We also note significant residuals even for
the strongest bands, 30012-00001 and 30013-00001, in particular
for high values of the angular momentum quantum number J. This
is due to the fact that the HITRAN line intensities for these two
bands are based on measurements [24,25] with poor accuracies
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Fig. 6. Ratio of the 12C16O2 line intensities given in the JPL database [15] to the ones
provided in the CDSD database [36] (extrapolated or calculated) plotted as a
function of the CDSD line intensities. Note the logarithmic scale adopted for the
ordinate scale.
for high J values. Our observations agree with the discussion in-
cluded in Ref. [18].

6. Conclusion

Line intensities of the principal isotopologue of carbon dioxide,
12C16O2, have been measured by CW-Cavity Ring Down Spectros-
copy in four wavenumber intervals near 1.6 lm. We chose to
investigate the intervals corresponding to the very weak 4110i-
00001 (i = 1–5) and 2002i-01101 (i = 1–3) perpendicular bands
and to the 2221i-00001 (i = 1–3) ‘‘forbidden” bands, for which no
experimental intensities were available. These measurements re-
sulted in the determination of 952 intensities of transitions belong-
ing to a total of 30 bands. The line intensities of 23 of these bands
were measured for the first time. The intensity values ranged from
1.10 � 10�28 to 4.94 � 10�25 cm/molecule and the absolute accu-
racy varied from 2% for the strongest lines to 7% for the weakest
lines and was estimated to be, in average, around 4%. Our measure-
ments lowered by two orders of magnitude the minimum intensity
values previously measured in the considered spectral region. They
are in good agreement with the JPL experimental values [18] for
line intensities higher than 5 � 10�26 cm/molecule.

The CW-CRDS line intensities and those selected from the liter-
ature have been used to fit the effective dipole moment parameters
for the DP = 9 series of transitions. The CW-CRDS measurements
have allowed determining some important missing effective dipole
moment parameters and refining the other parameters. In average,
the new set of effective dipole moment parameters and refined set
of effective Hamiltonian parameters reproduce all measured line
intensities of the DP = 9 series of transitions within the experimen-
tal uncertainties. They have been used to generate the line list for
the DP = 9 series of transitions in 12C16O2 with an intensity cutoff
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Fig. 7. Ratio of the 12C16O2 line intensities provided in the HITRAN database [37] to
the ones given in the CDSD database [36], plotted as a function of the CDSD line
intensities. Note the logarithmic scale adopted for the ordinate scale.
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fixed to a value of 10�30 cm/molecule. This line list is now included
in the new version of the CDSD [36].

Important discrepancies between our measurements and the
intensity values provided in the recent JPL database [15] exist for
the weak lines. The simple empirical equations adopted in Ref.
[15] in order to extrapolate line intensities beyond the JPL observa-
tions are responsible of these deviations as such extrapolations to-
wards high J values are not valid in the case of perturbed bands.
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Appendix A. Supplementary data

Supplementary data for this article are available on ScienceDi-
rect (www.sciencedirect.com) and as part of the Ohio State Univer-
sity Molecular Spectroscopy Archives (http://library.osu.edu/sites/
msa/jmsa_hp.htm). Supplementary data associated with this arti-
cle can be found, in the online version, at doi:10.1016/
j.jms.2008.08.006.
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