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The complex Robert–Bonamy (CRB) formalism was used to calculate the half-width, its

temperature dependence, and the line shift for CO2 for transitions in the 30012’00001

and 30013’00001 bands with O2 as the perturbing gas. The calculations were done for

rotational quantum numbers from J¼0 to J¼120 with no ad hoc scaling of the line

shape equations. The intermolecular potential parameters are adjusted on accurate

experimental measurements of the half-widths, its temperature dependence, and the

pressure-induced line shifts so that a single intermolecular potential reproduces all

three parameters. Using the results of this work and previous results for N2-broadening,

air-broadening line shape parameters were also determined. The comparison of the CRB

calculations with the experimental data available in the literature for the three line

shape coefficients demonstrates the quality of the present calculations for the both

bands under study.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In a recent study [1], hereafter called Part I, calculations
of the half-widths, its temperature dependence, and the
line shifts for N2 broadening of CO2 were done using the
Complex Robert–Bonamy (CRB) formalism. The calcula-
tions considered two bands belonging to the Fermi tetrad,
2n1þ2n2þn3 and n1þ4n2þn3 (or 30012’00001 and
30013’00001, respectively, see HITRAN [2] or Toth et al.
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[3] for details) in the 1.6 mm spectral region, which is
extensively used for remote sensing of the Earth’s atmo-
sphere. For example, the successor of the Orbiting Carbon
Observatory mission [4] (lost in 2009 due to a launch
failure), OCO-2 [5], aims at determining the local sources
and sinks of CO2 with a very high precision (0.3%). The
Japanese Greenhouse Gases Observatory Satellite (GOSAT)
[6], launched in early 2009, and the Carbon Monitoring
Satellite (CarbonSat) [7], one of two candidates to be
launch in 2018, also use the 1.6 mm region to measure
and better understand the carbon dioxide variations in the
Earth’s atmosphere. This region and other spectral regions
are used for the remote sensing of CO2-rich planetary
atmospheres such as Venus and Mars, for example the
Visible and InfraRed Thermal Imaging Spectrometer (VIR-
TIS) [8] onboard the Venus Express, the Ultraviolet and
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Infrared Atmospheric Spectrometer (SPICAM) [9] onboard
the Mars Express ESA missions, and the Mars Climate
Sounder (MCS) [10] onboard the Mars Reconnaissance
Orbiter satellite. These high-resolution spectrometers, and
a number of ground-based network as the Total Carbon
Column Observatory Network [11], put very high con-
straints on the spectroscopic data, especially for the line
shape parameters for CO2.

A summary of previous calculations was given in Part I.
The calculations described in Part I are based on the complex
implementation of Robert–Bonamy (RB) theory [12]. The RB
model (i) eliminates the awkward cutoff procedure present
in the earlier theories [13–21] by use of linked-cluster
techniques and the cumulant expansion [22], (ii) introduces
a short-range atom–atom intermolecular potential, essential
for a proper description of pressure broadening [23–26]. The
complex implementation (CRB) [27,28] allows the determi-
nation of the half-width and the line shift from a single
calculation. The effect of the imaginary component has been
shown to be important for several systems [28,29] including
CO2–N2 [1]. The calculations in Part I were done for
rotational transitions from J¼0 up to J¼120 (where J is
the lower state rotational quantum number) and yield a
coherent set of pressure broadening and pressure-induced
shifting coefficients, which are important for calculations of
spectra.

It is important to emphasize that the complex Robert–
Bonamy calculations were done by fitting the half-widths,
their temperature dependence, and the line shifts simul-
taneously. The study done for CO2–N2 in Part I exposed
several features of CO2 as the absorbing molecule and in
particular the strong dependence of the line shape para-
meters on the intermolecular potential. It was demon-
strated that in order to reach the needs of the remote
sensing and spectroscopic communities, the calculations
must (i) include the imaginary component, (ii) consider a
high-order expansion of the intermolecular potential and
(iii) describe the collisions dynamics using Hamilton’s
equations [30] since the parabolic trajectory model yields
unphysical results.

This study is the second in a series about CRB calcula-
tions of the half-width, its temperature dependence, and
the line shift for foreign and self-broadening of CO2 in the
30012’00001 and 30013’00001 bands. Here calcula-
tions are reported for O2 as the collision partner and,
using the CO2–N2 calculations reported in Part I,
air-broadened half-widths and air induced line shifts are
determined. The comparison of the calculations with
measurements available in the literature demonstrates
the quality of the present calculations for the both bands
and collision partners considered here.
2. Complex Robert–Bonamy formalism

The calculations employ the complex Robert–Bonamy
formalism (CRB), which was described in detail in Part I;
hence only the main features are given here. In the CRB
approach, the half-width, g, and line shift, d, of a rovibra-
tional transition f’i are obtained from the real and
imaginary parts, respectively, of a single calculation

gf’i ¼
n2

2pc

X
J2

/J29r29J2S
Z 1

0
vf ðvÞdv

Z 1
0

2pb½1�cosfS1

þ ImðS2Þge
�ReðS2Þ�db ð1aÞ

df’i ¼
n2

2pc

X
J2

/J29r29J2S
Z 1

0
vf ðvÞdv

Z 1
0

2pbsinfS1

þ ImðS2Þge
�ReðS2Þdb ð1bÞ

where v is the relative velocity, b is the impact parameter,
r2 and n2 are the density operator (its matrix element
yields the relative population) and number density of
perturbers. S1 and S2 are, respectively, the first and the
second order terms in the successive expansion of the
Liouville scattering matrix S. S1 is the (imaginary) iso-
tropic vibrational dephasing term and can be written in
terms of the isotropic London dispersion potential. S1

depends on the change of the polarizability with the
vibrational states of CO2 for a transition f’i. The S2 terms
are the complex analog of those appearing in the
Anderson–Tsao–Curnutte (ATC) theory [13–15]. These
terms involve the dynamics of the collision and the
associated collision jumps from rovibrational levels
involved. The exact forms of these terms can be found
in Part I and references therein.

The intermolecular potential used in the calculations is
comprised of an electrostatic, an atom–atom, and a
London dispersion part. The first part consists of the
leading electrostatic components of CO2–O2 pair (quadru-
pole moment of CO2 with the quadrupole moment of O2).
The atom–atom potential is defined as the sum of pair-
wise Lennard-Jones 6–12 interactions [31] between atoms
of the radiating molecule CO2 and the perturbing mole-
cule O2. The heteronuclear atom–atom parameters, eij and
sij (i and j are indices running on the atoms of the
radiating and perturbing molecules), are usually
constructed from homonuclear ones, eii and sii, by com-
bination rules [32–35]. The eij and sij atom–atom para-
meters are not as well known as the other parameters as
their values can differ significantly depending of the
method used to derive them. Their adjustment on reliable
experimental data has been shown to result in a better
agreement with measurements [36–38]. The atom–atom
potential is mapped using the tensorial formulation of
Gray and Gubbins [39] from the atom–atom distance, rij,
to the center of mass separation R using the expansion of
Sack [40]. The expansion can be made to any order and
rank using the method developed by Neshyba and
Gamache [41]. Following the study of convergence made
in Part I for CO2–N2, the present study used a potential
expanded to 20th order and the rank for CO2 and O2 set to
4, labeled 20 4 4.

In Part I [1] it was demonstrated that the parabolic
trajectory model fails to give physical results for CO2

systems. Hence, the present calculations used a trajectory
model based on Hamilton’s equations, in which the
trajectories are obtained by numerically solving the clas-
sical equations of motion for the Hamiltonian formed by
the kinetic energy and the isotropic part of the atom–
atom potential [30].



Table 1
Spectroscopic constants for the 00001, 30012 and 30013 states of CO2.

Gv Bv Dv (10�6) Hv (10�12) Ref

00001 0.0000 0.390218949 (36) 0.1334088 (186) 0.01918 (250) [48]

30012 6347.8509109 (41) 0.3864550696 (153) 0.0983477 (159) 0.5974 (44) [49]

30013 6227.9165646 (40) 0.3867111479 (144) 0.1717038 (144) 0.10552 (38) [50]

Table 2
Initial and final adjusted intermolecular potential parameters.

Parameter Initial values Final values % change

Yzz(CO2) (esu) �4.02�10�26
�3.698�10�26

�8

eOO/k (K) 51.73 69.47 34.3

eCO/k (K) 40.43 40.43 0

sOO (Å) 3.010 2.951 �1.96

sCO (Å) 3.285 3.285 0

etraj/k (K) 120.3 67.12 �44.21

straj (Å) 3.983 3.721 �6.57
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When possible the molecular constants used in the
calculations are fixed at the best-measured values. The
polarizability of CO2, 29.13�10�25 cm3, is taken from Ref.
[42] and the ionization potential, 13.77 eV, is from Ref. [43].
The quadrupole moment of O2, Yzz(O2)¼�0.4�10�26 esu,
is from Stogryn and Stogryn [44]; the polarizability and the
ionization potential of O2 are 15.8�10�25 cm3 [45] and
12.0603 eV [43], respectively. However, the quadrupole
moment of CO2 was adjusted in a study done for self-
broadening of CO2 [46] and that value is used here;
Yzz(CO2)¼�3.698�10�26 esu. This value is 8% smaller than
the value given by Graham et al. [47] but is roughly at 2s
plus the systematic error reported by Graham et al. The
rotational constants B, D, H for CO2 are taken from Miller and
Brown [48] for the ground state, and from Devi et al. [49,50]
for the 30012 and 30013 states. For the convenience of the
reader, the numerical values are given in Table 1. The
rotational constant for O2, B¼1.4377 cm�1, is from Huber
and Herzberg [51]. The coefficients of the vibrational depen-
dence of the polarizability of CO2 were determined in part I
(a1¼0.140, a2¼0.07 and a3¼0.268) and are used in the
present study.

The wavefunctions used to evaluate the reduced
matrix elements are developed in Wigner D-matrix basis.
The energies are calculated using the standard expression
[52] given in terms of the molecular rotation constants
given in Table 1.

Finally, the following calculations employ the
averaging over the Boltzmann distribution of relative
velocities, since the use of the mean relative thermal
velocity approximation can introduce uncertainty for
some systems [53,54] greater than that required for the
spectroscopic and remote sensing communities [55–57].

3. Calculations

Calculations of the half-widths, its temperature depen-
dence, and the line shifts were done for P- and R-branch
transitions in the 30012’00001 and 30012’00001 bands
of CO2 for J from 0 to 120 and O2 as the perturbing gas.

The procedure used for the present calculations is
similar to the one described in the previous study for
CO2–N2 [1]. The initial values of the atom–atom para-
meters eOO, eCO, sOO, and sCO are determined using the
combination rules of Hirschfelder et al. [32] with the
homonuclear parameters of Bouanich et al. [58]. The
initial isotropic parameters used in the trajectory calcula-
tions are determined by fitting the isotropic part of the
expanded potential to an effective 6–12 Lennard-Jones
potential. These parameters are given in Table 2. Fig. 1
shows the comparison of the calculated half-widths and
line shifts determined from the initial parameters (labeled
Pot0) with the measurements of Devi et al. [59] vs m

(m¼� J for P-branch transitions and Jþ1 for R-branch
transitions). The agreement is not good and more
important; the calculated line shape parameters do not
reproduce the m-dependence of the measurements. Next,
the intermolecular parameters that are not as well known
(atom–atom and trajectory parameters) were adjusted to
give results that agree with the measurements of Devi
et al. [59]. These data have been chosen because coherent
sets of measurements from this group are available for
CO2–N2, CO2–O2, CO2-air and CO2–CO2, moreover they are
considered among the most extensive and accurate.

The adjustment procedure was started using a non-
linear least squares procedure, which ran for 12 iterations
and was not converging. To proceed, the influence on the
line shape parameters due to an increase of 5% of each
intermolecular parameter (individually) was studied. The
percent difference between these and the 12th iteration
calculations were determined as a function of m. From
these data, and the initial calculations (Fig. 1), the adjust-
ment of the parameters to generate data that agrees with
measurement can be estimated. The final values were
then obtained in about 25 iterations by hand. The final
values are also given in Table 2. As discussed in our
previous work, because the carbon atom is on the center
of mass of the carbon dioxide molecule, eCO and sCO do
not affect the line shape parameters, so they were
held fixed.

Using the reported half-widths at 4 temperatures (200,
250, 296 and 350 K), a range more consistent with the
measurements and Earth’s atmosphere, the temperature
dependence exponent n is defined by the standard power
law

gðTÞ ¼ gðT0Þ
T0

T

� �n

ð3Þ

where g(T0) is the half-width at the reference tempera-
ture, T0¼296 K. Here, the temperature exponent, n, is
obtained by a linear least-squares fit of ln{g(T)/g(T0)}
versus ln{T0/T} using the half-widths calculated at the



Fig. 1. CO2–O2, 30012’00001 band: comparison of initial CRB calculations to the measurements of Devi et al. [59] for the half-width and line shift in

cm�1 atm�1 at T¼296 K. Top panel half-widths versus m, middle panel line shifts versus m.
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four temperatures listed above. Comparing the least-
squares value of n to those determined by using any 2
points of the four temperatures considered (This gener-
ates six 2-point values of n.) the uncertainty of the
calculated temperature exponents can be determined by
the maximum difference between the least squares value
and the six 2-point values. This procedure yields the
maximum error in n, however, given the nature of the
data and other uncertainties it is thought to be more
reasonable than a statistical value taken from the fit.

The half-widths and line shifts were calculated at each
temperature for transitions in the 30012’00001 and
30013’00001 bands for the CO2-air collision system
using the calculations reported in our previous study for
CO2–N2 [1], and the present calculations for CO2–O2, using
the standard formulae

gAir ¼ 0:79ngN2
þ0:21ngO2

dAir ¼ 0:79ndN2
þ0:21ndO2

ð4Þ

The temperature dependence of the air-broadened
half-widths for each transition is then determined by
Eq. (3) for the 200–350 K range.

4. Results

4.1. Results for CO2–O2

With the intermolecular potential parameters deter-
mined, the calculations of half-widths and line shifts for
CO2–O2 in the 30012’00001 and 30013’00001 bands
were made at 13 temperatures; 75, 80, 90, 100, 125, 150,
200, 250, 296, 350, 400, 500, 700 K. It is difficult to
determine the uncertainty in the calculated half-widths
and line shifts. Comparison with the measurements sug-
gests that the half-widths are known with an uncertainty
of about 1% and the line shifts are known with an
uncertainty of 70.0009 cm�1 atm�1. The calculated
results for the 30012’00001 and 30013’00001 bands
are identical within the stated uncertainties so only the
data for the 30012’00001 band are given in Table 3.
Presented are the half-widths g (in cm�1 atm�1), its
temperature dependence n with its uncertainty, and line
shifts d (in cm�1 atm�1) for �120rmr121. However,
both bands are compared with measurement.

The comparisons of the calculations with measure-
ments from the literature are shown in the Figs. 2 and 3
for the transitions in the 30012’00001 and 30013’
00001 bands, respectively. The top panel of the figures
shows the half-widths in cm�1 atm�1 versus m, the
middle panel shows the line shifts in cm�1 atm�1 versus
m, and the bottom panel shows the temperature depen-
dence of the half-width versus m. All the measured points
have 2-sigma error bars. Because there are no measure-
ments of temperature dependence of the half-width
available only the calculations are present in the bottom
panel along with a black dash line for the ‘‘rule-of-thumb’’
value for a quadrupole-quadrupole system given by
Birnbaum [60], n¼0.75.

The statistics of the comparison with measurements are
given in Table 4 as a function of reference and band. The
calculated half-widths agree well with the measurement of
Devi et al. [59] with an average percent difference (APD) of
0.06 and a standard deviation (SD) of 2.96% for the 56
transitions in the range P(56)–R(56). For the line shifts, as
in part I, the average deviation (AD) between measurement
and calculation, AD¼ ð

PN
i ¼ 1ðdmeas�dcalcÞÞ=N, is given along

with the standard deviation of this quantity (S ~D). Comparing
with the data of Devi et al. gives an average deviation of
0.00022 cm�1 atm�1 and S ~D¼0.0016 cm�1 atm�1. If the
transitions with high uncertainty, JZ50, are excluded from
the measurements (see Fig. 2) the statistics become �0.04
APD (0.00032 cm�1 atm�1 AD) and 1.59% SD (0.00089
cm�1 atm�1 S ~D) for the half-widths (line shifts) for the 49



Table 3
Half-width, its temperature dependence, and line shift from the CRB calculations for the CO2–O2 system: CO2 transitions for �120rmr121 in the

30012’00001 band. The half-widths and line shifts are given in cm�1 atm�1 at T¼296 K.

m 30012’00001 30012’00001

g n d g n d

�120 0.0483 0.60670.031 �0.0121 1 0.0825 0.73470.015 �0.0041

�118 0.0486 0.61070.032 �0.0119 3 0.0790 0.73670.014 �0.0044

�116 0.0489 0.61470.032 �0.0118 5 0.0778 0.72370.013 �0.0045

�114 0.0492 0.61870.033 �0.0116 7 0.0762 0.70570.011 �0.0047

�112 0.0495 0.62170.034 �0.0115 9 0.0743 0.68670.010 �0.0050

�110 0.0498 0.62570.034 �0.0114 11 0.0723 0.67070.011 �0.0055

�108 0.0501 0.62870.034 �0.0112 13 0.0704 0.66470.015 �0.0058

�106 0.0504 0.63170.035 �0.0111 15 0.0684 0.66270.020 �0.0061

�104 0.0507 0.63470.035 �0.0110 17 0.0665 0.66270.025 �0.0065

�102 0.0510 0.63770.035 �0.0108 19 0.0647 0.66670.030 �0.0068

�100 0.0513 0.64070.035 �0.0107 21 0.0633 0.67370.035 �0.0070

�98 0.0516 0.64370.035 �0.0106 23 0.0622 0.68270.038 �0.0072

�96 0.0519 0.64570.035 �0.0104 25 0.0613 0.69270.041 �0.0073

�94 0.0522 0.64970.035 �0.0103 27 0.0606 0.70070.042 �0.0074

�92 0.0525 0.65170.035 �0.0102 29 0.0601 0.70870.042 �0.0075

�90 0.0528 0.65470.034 �0.0101 31 0.0597 0.71470.042 �0.0076

�88 0.0531 0.65770.034 �0.0099 33 0.0594 0.71970.041 �0.0076

�86 0.0534 0.66070.034 �0.0098 35 0.0591 0.72270.040 �0.0077

�84 0.0537 0.66270.033 �0.0097 37 0.0589 0.72470.038 �0.0077

�82 0.0540 0.66570.033 �0.0096 39 0.0587 0.72570.037 �0.0077

�80 0.0543 0.66870.032 �0.0095 41 0.0585 0.72570.036 �0.0078

�78 0.0545 0.67170.032 �0.0093 43 0.0584 0.72470.035 �0.0078

�76 0.0548 0.67470.032 �0.0092 45 0.0582 0.72270.034 �0.0079

�74 0.0551 0.67770.031 �0.0091 47 0.0580 0.72070.033 �0.0079

�72 0.0554 0.68070.031 �0.0090 49 0.0579 0.71870.032 �0.0080

�70 0.0556 0.68370.031 �0.0089 51 0.0577 0.71570.031 �0.0081

�68 0.0559 0.68770.030 �0.0088 53 0.0575 0.71270.031 �0.0081

�66 0.0561 0.69070.030 �0.0087 55 0.0573 0.70970.031 �0.0082

�64 0.0564 0.69370.030 �0.0086 57 0.0571 0.70670.030 �0.0083

�62 0.0566 0.69770.030 �0.0085 59 0.0569 0.70370.030 �0.0084

�60 0.0568 0.70070.030 �0.0084 61 0.0567 0.69970.030 �0.0085

�58 0.0570 0.70370.030 �0.0083 63 0.0565 0.69670.030 �0.0086

�56 0.0572 0.70770.030 �0.0083 65 0.0563 0.69370.030 �0.0087

�54 0.0574 0.71070.030 �0.0082 67 0.0560 0.69070.031 �0.0088

�52 0.0576 0.71370.031 �0.0081 69 0.0558 0.68770.031 �0.0089

�50 0.0578 0.71670.032 �0.0080 71 0.0555 0.68370.031 �0.0090

�48 0.0580 0.71970.032 �0.0080 73 0.0553 0.68070.032 �0.0091

�46 0.0581 0.72170.033 �0.0079 75 0.0550 0.67770.032 �0.0092

�44 0.0583 0.72370.034 �0.0079 77 0.0547 0.67470.032 �0.0093

�42 0.0584 0.72470.035 �0.0078 79 0.0544 0.67270.033 �0.0095

�40 0.0586 0.72570.036 �0.0078 81 0.0542 0.66970.033 �0.0096

�38 0.0588 0.72470.038 �0.0077 83 0.0539 0.66670.034 �0.0097

�36 0.0590 0.72370.039 �0.0077 85 0.0536 0.66470.034 �0.0098

�34 0.0592 0.72170.040 �0.0076 87 0.0533 0.66170.035 �0.0100

�32 0.0595 0.71770.041 �0.0076 89 0.0530 0.65870.035 �0.0101

�30 0.0599 0.71170.042 �0.0075 91 0.0527 0.65670.035 �0.0102

�28 0.0603 0.70470.042 �0.0075 93 0.0524 0.65370.036 �0.0104

�26 0.0609 0.69670.041 �0.0074 95 0.0522 0.65170.036 �0.0105

�24 0.0617 0.68770.040 �0.0073 97 0.0519 0.64870.036 �0.0106

�22 0.0627 0.67770.037 �0.0071 99 0.0516 0.64670.036 �0.0108

�20 0.0640 0.66970.033 �0.0070 101 0.0513 0.64370.036 �0.0109

�18 0.0656 0.66470.028 �0.0067 103 0.0510 0.64070.036 �0.0111

�16 0.0674 0.66270.022 �0.0064 105 0.0507 0.63870.036 �0.0112

�14 0.0694 0.66370.017 �0.0061 107 0.0504 0.63570.036 �0.0113

�12 0.0713 0.66570.012 �0.0058 109 0.0501 0.63270.036 �0.0115

�10 0.0733 0.67770.010 �0.0054 111 0.0498 0.62970.035 �0.0116

�8 0.0754 0.69670.011 �0.0050 113 0.0495 0.62570.035 �0.0118

�6 0.0771 0.71670.012 �0.0048 115 0.0492 0.62270.035 �0.0119

�4 0.0785 0.73170.014 �0.0046 117 0.0489 0.61970.034 �0.0121

�2 0.0798 0.73970.015 �0.0044 119 0.0486 0.61570.033 �0.0122

121 0.0483 0.61170.033 �0.0124
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remaining transitions. The agreement with the g and d data
of De Rosa et al. [61] is not as good; see Fig. 2 or Table 4.
However the measured values are randomly distributed as a
function of m whereas all other references present smooth
variations within the experimental uncertainty. The agree-
ment between the half-widths measured by Li et al. [62] is



Fig. 2. Final CRB calculations for transitions in the 30012’00001 band of CO2 broadened by O2 (at T¼296 K) and measurements versus m. Top panel half-widths

(in cm�1 atm�1) versus m, middle panel line shifts (in cm�1 atm�1) versus m, bottom panel temperature exponent of the half-widths versus m.
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good (SD¼2.24%), but they are about 3.94% lower in average
than our calculations and the other measurements.

The comparison of the calculations and measurements for
the 30013’00001 band is shown in Fig. 3, in the same
format as Fig. 2. The statistics of the comparison are reported
in Table 4. For the half-widths, the agreement between the
CRB calculations with the measurements of Devi et al. is
similar to the values reported for the 30012’00001 band
with an APD of �0.81 and a SD of 2.72%. This agreement
for the line shifts is not as good with an AD of
�0.00054 cm�1 atm�1 and a S ~D of 0.00178 cm�1 atm�1.
These high values can be explained by the consideration of
the high J transitions from 50 to 56 that have high uncer-
tainty (see Fig. 3). For the 49 transitions from P(48) to R(48),
the statistics are APD¼�0.81 and SD¼1.52% for
the half-widths and AD¼0.00045 cm�1 atm�1 and a S ~D¼
0.00077 cm�1 atm�1. (i.e., a factor of 2.3 on S ~D). The agree-
ment with the measurements of Nakamichi et al. [63] is good
(see Table 4). Comparison with the measurements of Hikida
and Yamada [64] gives an average percent difference of
�3.96 and a standard deviation of 3.23%. However these
measurements were performed using a Galatry rather than a
Voigt profile. The agreement with the measurements of
Pouchet et al. [65] give a APD of �4.07 and SD of 1.85%.

The role of the imaginary components of the CRB
formalism on the O2-broadened half-widths and their
temperature dependence was investigated for the
R-branch transitions in the 30012’00001 band. Calcula-
tions were made using the real part of Eq. (1), (RRB), and
the half-widths and its temperature dependence were
compared with the CRB calculations discussed above. In
Fig. 4, the average percent difference and the maximum
percent difference between the half-widths calculated
with the CRB and RRB formalism are plotted vs tempera-
ture. The average difference reaches about 5% and the
maximum difference reaches about 15%. At 296 K the
average and maximum differences are about 1% and 3%,
respectively. These results imply that the temperature
exponents should be different between the two methods
of calculation. To study this effect the percent differences
between the temperature exponent calculated via the CRB
method and the RRB method are plotted versus m in
Fig. 5. The percent difference between the two methods of
calculations increase as a function of m starting near zero
for small 9m9 and increasing with a somewhat parabolic
shape to about 10% for m�120. The curve is asymmetrical
in 7m with the R-branch lines going to about a 10%
difference and the P-branch lines to about 9%. The effect
of the imaginary terms for O2-broadening is somewhat
stronger that what was observed for N2-broadening [1].
These studies clearly demonstrate than the imaginary
components must be included in the calculations in order
to reach the uncertainty requirements of current and
future satellite missions.

4.2. Results for CO2-air

The complex Robert–Bonamy calculations of the half-
widths g (in cm�1 atm�1), its temperature dependence, n,
and line shifts d (in cm�1 atm�1) are given in Table 5 for



Fig. 3. Final CRB calculations for transitions in the 30013’00001 band of CO2 broadened by O2 (at T¼296 K) and measurements versus m. Top panel half-widths

(in cm�1 atm�1) versus m, middle panel line shifts (in cm�1 atm�1) versus m, bottom panel temperature exponent of the half-widths versus m.

Table 4
Statistics for the comparison of the calculations to measurement for

CO2–O2.

Parameter Reference No. of data APD SD

30012’00001

g [59] 56 0.06 2.96

[61] 5 13.78 5.44

[62] 11 �3.94 2.24

Reference No. of data ADy S ~Dy

d [59] 56 0.00022 0.0016

[61] 5 �0.0044 0.0020

30013’00001

g [59] 56 �0.81 2.72

[65] 5 �4.07 1.85

[63] 5 �2.26 4.21

[64] 10 �3.96 3.23

n [63] 2 �3.96 –

Reference No. of data ADy S ~Dy

d [59] 56 0.00054 0.0018

y see text for definitions of AD and S ~D .
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air-broadening for P- and R-branch transitions from J¼0
to J¼120 in the 30012’00001 band. As in the case of O2-
broadening the results for the 30012’00001 and
30013’00001 bands are identical to within the error
estimates, which for air-broadening are 1% on the half-
widths and 70.0008 cm�1 atm�1 for the line shifts. The
CO2-air half-width and line shift were derived from
CO2–N2 and CO2–O2 parameters using Eq. (4) at each
temperature of the study, from which the temperature
dependence of the half-widths were determined using Eq.
(3). The values are plotted in Fig. 6 for the 30012’00001
band and in Fig. 7 for the 30013’00001 band in the same
format as Fig. 2. The CO2-air measurements plotted in
Fig. 6 are those of Devi et al. [49], Li et al. [66], Long et al.
[67], Toth et al. [68], Predoi-Cross et al. [69], and Predoi-
Cross et al. [70]. Also plotted are CO2-air parameters
derived from N2 and O2 buffer gas measurements by Li
et al. [62] and by De Rosa et al. [61]. Note that the study of
Predoi-Cross et al. [70] reports measurements determined
using a Speed-Dependent Voigt (SDV) profile and a Voigt
profile. They are similar to each other and only the Voigt
profile results for g and d are plotted in Figs. 6 and 7. The
only direct measurements of the temperature dependence
of air-broadened half-widths for the bands under study
was done by Predoi-Cross et al. [69] using a SDV profile.

For the 30012’00001 band, the agreement of the CRB
calculations with the measurements of Devi et al. for the
CO2-air-system is excellent; APD¼�0.10 and SD¼1.27%
for the half-widths and AD¼0.00063 cm�1 atm�1 and
S ~D¼0.00052 cm�1 atm�1 for the pressure-induced line
shifts. The magnitude of the calculated shifts are larger
than those of the measurements; a fact also observed in
the previous study for CO2–N2 [1] and for the CO2–O2

calculations (see above). However the good agreement
confirms the coherence of the calculations and the mea-
surements of Devi et al. for CO2–N2, CO2–O2 and CO2-air.



Fig. 4. Effect of the imaginary terms: average percent difference (CRB-RRB) and maximum percent difference for the transitions in the 30012’00001

band versus T(K).

Fig. 5. Effect of the imaginary terms on the temperature dependence: percent change nCRB–nRRB versus m for the transitions in the 30012’00001 band.
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The statistics of the comparison of the CRB calculations
with measurements are given in Table 6. The agreement
of the calculations with the measurements of Toth et al.
[68] is very good for both the half-widths and pressure-
induced line shifts. The calculations also show good
agreement with the measurements of Predoi-Cross et al.
[69] for the half-widths and their temperature depen-
dence. For the line shifts compared with Predoi-Cross
et al., the average deviation is 0.00080 cm�1 atm�1 with
S ~D ¼ 0:00118 cm�1 atm�1. However, the value of the
line shift for the R(50) transition (�0.00062 cm�1 atm�1)
in the Table 4 of Predoi-Cross et al. [69] is unusually small
in magnitude and does not follow the trend of the other
data. Removing this transition of the comparison gives
an average deviation of 0.00068 cm�1 atm�1 with S ~D ¼

0:00080cm�1 atm�1. Agreement with the works of Li et al.
is not as good, 4–6%, however their measurements do not
agree with the other measurements. The half-width given
by Long et al. [67] for the R(16) transition is 2.21% lower
than the calculated value, however this difference is



Table 5
Half-width, its temperature dependence, and line shift from the CRB calculations for the CO2-air system: CO2 transitions for �120rmr121 in the

30012’00001 band. The half-widths and line shifts are given in cm�1 atm�1 at T¼296 K.

m g n d m g n d

�120 0.0553 0.65770.061 �0.0111 1 0.0927 0.73670.014 �0.0044

�118 0.0555 0.65470.061 �0.0110 3 0.0885 0.73770.014 �0.0047

�116 0.0558 0.65170.060 �0.0109 5 0.0872 0.72270.011 �0.0047

�114 0.0560 0.64970.060 �0.0108 7 0.0854 0.69970.008 �0.0049

�112 0.0563 0.64670.059 �0.0107 9 0.0833 0.67670.007 �0.0052

�110 0.0566 0.64470.058 �0.0106 11 0.0811 0.65970.008 �0.0056

�108 0.0569 0.64170.057 �0.0105 13 0.0791 0.65270.012 �0.0059

�106 0.0572 0.63870.055 �0.0104 15 0.0771 0.65070.017 �0.0062

�104 0.0576 0.63570.054 �0.0103 17 0.0752 0.65270.021 �0.0065

�102 0.0579 0.63370.052 �0.0102 19 0.0736 0.65970.027 �0.0067

�100 0.0582 0.63170.050 �0.0101 21 0.0723 0.67170.032 �0.0069

�98 0.0586 0.62870.048 �0.0100 23 0.0713 0.68270.035 �0.0070

�96 0.0589 0.62670.046 �0.0098 25 0.0705 0.69270.037 �0.0071

�94 0.0593 0.62570.044 �0.0097 27 0.0699 0.70070.036 �0.0072

�92 0.0597 0.62370.041 �0.0096 29 0.0694 0.70770.036 �0.0073

�90 0.0601 0.62270.039 �0.0095 31 0.0691 0.71470.035 �0.0073

�88 0.0604 0.62170.036 �0.0094 33 0.0689 0.71970.033 �0.0073

�86 0.0608 0.62170.034 �0.0093 35 0.0686 0.72170.031 �0.0073

�84 0.0612 0.62170.032 �0.0092 37 0.0684 0.72070.028 �0.0074

�82 0.0617 0.62270.030 �0.0091 39 0.0683 0.71870.026 �0.0074

�80 0.0620 0.62370.027 �0.0090 41 0.0681 0.71670.023 �0.0074

�78 0.0625 0.62570.025 �0.0089 43 0.0680 0.71470.022 �0.0075

�76 0.0629 0.62770.023 �0.0087 45 0.0679 0.71070.020 �0.0075

�74 0.0633 0.63070.021 �0.0086 47 0.0677 0.70470.018 �0.0075

�72 0.0637 0.63370.019 �0.0085 49 0.0674 0.69870.016 �0.0076

�70 0.0641 0.63770.017 �0.0084 51 0.0672 0.69270.014 �0.0076

�68 0.0645 0.64170.016 �0.0083 53 0.0670 0.68770.014 �0.0077

�66 0.0649 0.64670.014 �0.0082 55 0.0668 0.68270.013 �0.0078

�64 0.0652 0.65170.013 �0.0081 57 0.0665 0.67570.013 �0.0078

�62 0.0656 0.65770.013 �0.0080 59 0.0661 0.66970.013 �0.0079

�60 0.0659 0.66270.012 �0.0079 61 0.0658 0.66370.013 �0.0080

�58 0.0662 0.66870.012 �0.0079 63 0.0655 0.65870.014 �0.0081

�56 0.0665 0.67570.012 �0.0078 65 0.0651 0.65370.015 �0.0082

�54 0.0668 0.68270.012 �0.0077 67 0.0648 0.64870.016 �0.0083

�52 0.0671 0.68870.013 �0.0076 69 0.0644 0.64370.018 �0.0084

�50 0.0673 0.69370.014 �0.0076 71 0.0640 0.63970.019 �0.0085

�48 0.0675 0.69970.016 �0.0076 73 0.0636 0.63670.021 �0.0086

�46 0.0677 0.70670.018 �0.0075 75 0.0632 0.63370.023 �0.0087

�44 0.0679 0.71170.020 �0.0075 77 0.0628 0.63170.025 �0.0089

�42 0.0681 0.71570.022 �0.0074 79 0.0624 0.62970.027 �0.0090

�40 0.0682 0.71770.024 �0.0074 81 0.0620 0.62770.029 �0.0091

�38 0.0684 0.71970.027 �0.0074 83 0.0616 0.62670.031 �0.0092

�36 0.0686 0.72170.030 �0.0074 85 0.0612 0.62670.033 �0.0093

�34 0.0688 0.72070.032 �0.0074 87 0.0608 0.62670.036 �0.0094

�32 0.0690 0.71770.034 �0.0073 89 0.0604 0.62670.038 �0.0096

�30 0.0692 0.71070.035 �0.0073 91 0.0600 0.62770.041 �0.0097

�28 0.0696 0.70370.036 �0.0072 93 0.0596 0.62870.043 �0.0098

�26 0.0702 0.69670.037 �0.0072 95 0.0593 0.63070.045 �0.0099

�24 0.0709 0.68770.036 �0.0071 97 0.0589 0.63170.047 �0.0100

�22 0.0718 0.67770.034 �0.0070 99 0.0586 0.63370.049 �0.0102

�20 0.0729 0.66570.029 �0.0068 101 0.0582 0.63570.051 �0.0103

�18 0.0743 0.65570.024 �0.0067 103 0.0579 0.63870.053 �0.0104

�16 0.0761 0.65070.019 �0.0065 105 0.0575 0.64070.055 �0.0105

�14 0.0781 0.65170.014 �0.0062 107 0.0572 0.64370.056 �0.0106

�12 0.0801 0.65470.010 �0.0059 109 0.0569 0.64670.057 �0.0107

�10 0.0822 0.66770.007 �0.0055 111 0.0566 0.64970.059 �0.0108

�8 0.0844 0.68870.007 �0.0053 113 0.0563 0.65270.060 �0.0109

�6 0.0864 0.71270.010 �0.0051 115 0.0561 0.65470.060 �0.0110

�4 0.0879 0.73170.013 �0.0048 117 0.0558 0.65770.061 �0.0111

�2 0.0893 0.73970.014 �0.0046 119 0.0555 0.66070.062 �0.0112

121 0.0553 0.66270.062 �0.0113
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expected since a Speed-Dependent model was used in
their analysis.

In Fig. 7 the CO2-air measurements for the 30013’
00001 band are from Devi et al. [50], Toth et al. [68],
Predoi-Cross et al. [69,70]. Also plotted are CO2-air para-
meters derived from N2 and O2 buffer gas measurements
by Pouchet et al. [65], Hikida and Yamada [64], and
Nakamichi et al. [63].



Fig. 6. Final CRB calculations for transitions in the 30012’00001 band of CO2 broadened by air at T¼296 K and measurements versus m. Top panel half-

widths (in cm�1 atm�1) versus m, middle panel line shifts (in cm�1 atm�1) versus m, bottom panel temperature exponent of the half-widths versus m.

Fig. 7. Final CRB calculations for transitions in the 30013’00001 band of CO2 broadened by air at T¼296 K and measurements versus m. Top panel half-

widths (in cm�1 atm�1) versus m, middle panel line shifts (in cm�1 atm�1) versus m, bottom panel temperature exponent of the half-widths versus m.
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Table 6
Statistics for the comparison of the calculations to measurement for

CO2-air.

Parameter Reference No. of data APD SD

30012’00001

g [61] 5 8.24 2.64

[66] 11 �6.24 3.32

[62] 11 �4.60 2.57

[68] 38 �1.65 1.22

[49] 54 �0.1 1.27

[70] 56 �1.45 1.21

[69] 53 0.41 1.36

[67] 1 �2.21

n [69] 53 5.30 6.29

Reference No. of data ADy S ~Dy

d [61] 5 �0.0041 0.0028

[68] 41 0.00031 0.00045

[49] 52 0.00063 0.00052

[70] 56 0.00051 0.00036

[69] 53 0.00080 0.0012

30013’00001

g [50] 53 �0.16 1.25

[70] 56 �1.24 1.18

[69] 54 �0.02 1.46

[68] 44 �1.66 1.53

[65] 5 �12.04 0.55

[64] 10 �4.58 3.11

[63] 5 0.66 1.80

n [69] 54 5.58 5.18

[63] 2 5.07 –

Reference No. of data ADy S ~Dy

d [50] 53 0.00079 0.00077

[68] 42 0.00020 0.00062

[70] 56 0.00032 0.00048

[69] 54 0.00076 0.0013

y see text for definitions of AD and S ~D .
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For half-widths in the 30013’00001 band, the agree-
ment between CRB calculations with the measurements of
Devi et al. [50], Toth et al. [68], and Predoi-Cross et al.
[69,70], and Nakamichi et al. [63] are very good with 9APD9s
from 0 to 1.7 and standard deviations from 1.25 to 1.80%.
Comparison with the measurements of Hikida and Yamada
[64] is not as good APD¼�4.58 and a SD of about 3%,
however they have modeled the profile with a Galatry
profile. Comparison with the 5 measurements of Pouchet
et al. [65] show an excellent standard deviation, 0.55, but the
measurements are shifted down from the calculations and
other measurements by about 12 percent. For the line shifts,
the agreement of the calculations with the measurements
of Toth et al. [68] and Predoi-Cross et al. [70] is quite
good, roughly 2–3�10�4 cm�1 atm�1 with S ~D around
5–6�10�4 cm�1 atm�1. Comparison with the line shift
measurements of Devi et al. [50] are not as good with an
AD of 0.00079 cm�1 atm�1 and S ~D of 0.00077 cm�1 atm�1.
The comparison of the calculated temperature exponents
with the measurements of Predoi-Cross et al. [69] and
Nakamichi et al. [63] shows good agreement. The statistics
for these comparisons are presented in Table 6.

5. Conclusions

In this study, the complex Robert–Bonamy formalism
was used to calculate the half-width, its temperature
dependence, and the line shift for CO2 perturbed by O2

and air for transitions in two of the Fermi tetrad bands;
30012’00001 and 30013’00001. The results show
almost no vibrational dependence with the g, d, and n

values being identical in both bands to within the
estimated uncertainty. Parameters describing the inter-
molecular potential that are not well known were
adjusted to fit the three line shape parameters simulta-
neously. As in the study of part I, it was found that the
results are very sensitive to the intermolecular potential.
The calculations require that the atom–atom component
of the intermolecular potential be expanded to high order

and rank, that the imaginary components of the theory
are included, and that the trajectories are determined
using Hamilton’s equations. The comparison of the calcu-
lated values with measured values reported in the litera-
ture for both O2-, and air-broadening shows very good
agreement. The calculations allow a determination of the
line shape parameters for large values of J, which is
important for the line mixing problem [71]. Having a
physically correct intermolecular potential will allow the
vibrational dependence of the line shape parameters to be
studied as well. The data in Tables 3 and 5, as well as the
results for the 30013’00001 band can be obtained at the
web site of one of the authors; faculty.uml.edu/
Robert_Gamache.
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