Predicting accurate line shape parameters for CO; transitions
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Abstract: The vibrational dependence of CO; half-widths and line shifts are given by a
modification of the model proposed by Gamache and Hartmann [R. Gamache and J.-M.
Hartmann, J. Quant. Spectrosc. Radiat. Transfer 83, 119 (2004)]. This model allows the
half-widths and line shifts for a ro-vibrational transition to be expressed in terms of the
number of vibrational quanta exchanged in the transition raised to a power and a
reference ro-vibrational transition. Calculations were made for 24 bands for lower
rotational quantum numbers from 0 to 160 for N»-, O,-, air-, and self-collisions with CO..
These data were extrapolated to J”’=200 to accommodate several databases. Comparison
of the CRB calculations with measurement give very high confidence in the data. In the
model a Quantum Coordinate is defined by (c; Avy + ¢y Av, + ¢3Avs)P. The power p is
adjusted and a linear least-squares fit to the data by the model expression is made. The
procedure is iterated on the correlation coefficient, R, until [|[R|-1] is less than a threshold.
The results demonstrate the appropriateness of the model. The model allows the
determination of the slope and intercept as a function of rotational transition, broadening
gas, and temperature. From these fit data, the half-width, line shift, and the temperature
dependence of the half-width can be estimated for any ro-vibrational transition, allowing

spectroscopic CO, databases to have complete information for the line shape parameters.
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1. Introduction

While CO; is only present in the Earth’s atmosphere at a concentration of
0.039445% [1] it is the second strongest absorber of infrared radiation [2]. Even at this
seemingly low concentration COs is the leading anthropogenic gas contributing to the
greenhouse effect in the Earth’s atmosphere [3]. This concentration of 390 ppm is also
larger than it has been in at least 650 thousand years [4, 5]. Because of this fact CO, has
become the standard by which other greenhouse gases are gauged in global climate
change. Its concentration has been measured continuously since 1957 [6, 7] and proxy
records extend the data back hundreds of thousands of years [4]. The abrupt rise in the
concentration of CO, corresponds with the onset of the Industrial Revolution and this rise
in concentration is thought to be of anthropogenic origin [8]. To address this question
and the role of CO, in global climate change, the sources and sinks of CO; in the Earth’s
atmosphere must be well understood. This task is being accomplished by a number of
satellite-based instruments, which are making remotely sensed measurements of carbon
dioxide and other atmospheric trace gases in the Earth’s atmosphere. Measuring in the
mid-infrared region are the Infrared Atmospheric Sounder Interferometer (IASI) [9]
onboard the METOP-A satellite [10] and the Atmospheric Infrared Sounder (AIRS) [11]
onboard the AQUA satellite [12]. The Greenhouse Gases Observing Satellite
(GOSAT)[13], launched by Japan in 2009, targets CO, transitions particularly in the 1.6
um region. In 2009 the Jet Propulsion Laboratory launched the Orbiting Carbon
Observatory (OCO) [14] which failed to reach orbit. However, due to the importance of
the mission, NASA anticipates the launch of OCO-2 in 2013 [15]. The OCO-2 mission

will need spectroscopic parameters with uncertainty of less than 0.3%, placing strong



demands on the spectroscopic community. The current databases, HITRAN2008 [2] or
GEISA [16], will need to be improved to meet these needs.

Carbon dioxide is the principal gas in the atmospheres of Venus (at 96.5% [17,
18]) and Mars (at 95.2% [19]). Understanding the role of CO; in these atmospheres will
help researchers better understand CO; in Earth’s atmosphere. High temperature
applications such as Venus [20] and monitoring CO; in the combustion process [21-23]
to better understand the global carbon cycle complicate the problem. The
characterization of CO, from spectra is further complicated by line mixing effects [24].
For the high-temperature applications the HITRAN and GEISA databases are not
adequate. To address these applications several databases have been produced. HITEMP
[25] contains spectroscopic parameters for H,O, CO,, CO, NO, and OH with an intensity
cutoff derived at 1000 K. For CO, there are several databases (CDSD-296 [26] and
CDSD-1000 [27]) with low intensity cutoffs making them applicable to high-temperature
applications. CDSD-296 contains roughly four hundred thousand transitions with Jmax=
128 and CDSD-1000 contains almost four million transitions with Jmax=200. More
recently Tashkun and Perevalov [28] have released CDSD-4000 containing over 628
million transitions and Huang et al. [29] have compiled an ab initio database of CO,-
transitions (positions, intensity, and energy) for Jm,=200, for which the primitive
database contains more than 734 million lines. For many of the transitions in these
databases the line shape information is approximate or missing.

In this work accurate half-widths, line shifts, and the temperature dependence of
the half-width are predicted using a model based on the number of vibrational quanta

exchanged in the transition. The model was developed by Gamache and Hartmann [30]



in a study of a particular class of water vapor transitions using the Complex Robert-
Bonamy (CRB) formalism [31]. Here the model is modified by allowing the exponents
in the equations to be adjusted to better reproduce the data. In the following section the
CRB formalism is presented and the vibrational dependence model derived. Section 3
describes the calculations for a number of perturbing molecules. Section 4 discusses the
fitting of the model to the data followed by a description of the prediction algorithm in

section 5. The paper ends with a discussion and conclusion of the work.

2. Theory

The complex Robert-Bonamy (CRB) formalism is a semi-classical approach to
calculating the half-width and line shift for transitions of atmospheric gases. The internal
states of the radiating and perturbing molecules are treated quantum mechanically and the
dynamics are treated classically. For many molecules in planetary atmospheres semi-
classical approaches are the only practical approaches since first principle quantum
calculations are intractable. The quality of the semi-classical calculation is strongly
dependent on the level of sophistication employed, e.g. the size of the intermolecular
potential, whether the imaginary terms in the potential are included, trajectory model
employed, velocity integral vs. mean relative thermal approximation, etc. These topics
have been the subject of numerous studies [32-40]. Here the calculations were made
using a potential expanded to 20 order and rank 4 [34] for the radiator and perturber, the
calculations employed the real and imaginary terms, trajectories were determined using
an isotropic 6-12 potential in Hamilton’s equations, and the velocity integral was

evaluated. For details of the calculations applied to CO; see Refs. [41-43].



The half-width, v, and line shift, 8, of a ro-vibrational transition v'f&v”i in the
CRB formalism are given by minus the imaginary part and the real part, respectively, of
the diagonal elements of the complex relaxation matrix. Expressed in terms of the

Liouville scattering matrix [44] one has

. n RS (Fidywb) —U Si(fidy v b+ S, (f iy wb)
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where n, is the number density of perturbers and <>V b

2represents an average over all
trajectories (impact parameter b and initial relative velocity v) and initial rotational state
J, of the collision partner. S; and S,= Sy+ i'S, are the first and second order terms in the
successive expansion of the Liouville scattering matrix. The expressions for S; and S,
can be found in Refs. [41, 45, 46].

The vibrational dependence of the line shape parameters can be obtained by
considering two transitions with identical rotational quantum numbers belonging to a
reference band and to a vibrational transition starting from the ground state. Here, as in

Refs. [30] and [47], the computed rotational band is taken as the reference band. The line

shape parameters can then be written in a simplified form from Eq. (1)
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where it is noted that R and / denote the real and imaginary parts, S1(0,0) = 0, and that the
S, terms arise from anisotropic interactions only which are calculated here using a
potential that does not depend on vibration. The differences in the collisional parameters
for the two transitions are due to two main factors: The first is a spectroscopic effect
associated with the fact that the energy structure and wave functions between the ground
and the v vibrational states are different. These differences affect the S, terms (real and
imaginary components) since for a given (i’ € 1) the reduced matrix elements are
different for the 2 vibrational states and the arguments of the resonance functions change
as the energy gap changes. The second factor arises because the S; (vibrational
dephasing) term arises from purely vibrational effects.

Gamache and Hartmann [30] looked at conditions where one of the vibrationally
dependent terms, spectroscopic effects or vibrational dephasing, dominated over the
other. Conditions where the purely vibrational effects are negligible compared with the
spectroscopic effects leads to Eq. (7) of their work and the opposite condition leads to

their Eq. (10). The spectroscopic effects contain the differences
[*S,(vf.0i)-"S,(0£.,0i)] and [ 'S, (vf.0i)-"S,(0£.0i) ]. These terms are determined

from the energy differences for the collisional transitions from state i 2i' and f 2>1°, and

the reduced matrix elements <J f’ Dfn,, Jf,> in terms of the Wigner D matrices. For water

vapor the spectroscopic effects tend to be small for a certain class of transitions (far off
resonance) compared with the vibrational dephasing term [30] and allowed prediction of
water vapor line shape parameters by Jacquemart et al. [48].

The energy of the vibrational states of CO, are given in terms of the Gy, By, Dy,

and H, molecular constants [49]. As the vibrational state increases only the G, constant



changes appreciably, the By, Dy, and H, constants show only slight changes. Since
collisional transitions occur within a vibrational state the energy differences do not
depend greatly on vibration. The wavefunctions for CO; are given in terms of the

Wigner D-matrix, D;,(£2), dependent only on J, hence the reduced matrix for the

collisional transition J=>J’ are independent of vibrational state. The end result is that
RS,(vf;0i) and ®S»(0f,0i) nearly cancel each other and 'S,(v£;0i) and 'S>(vf;0i) do the same.
Thus, for CO; as the radiating molecule in the collision process the off-resonance
condition need not be satisfied for the S; term to be the dominant term for the vibrational

dependence [47].

Gamache and Hartmann [30] have shown that for far off-resonance conditions the
half-width and line shift are proportional to the vibrational dephasing term. Thibault et
al. [50], following studies for diatomic molecules [39, 51-53], have shown that for CO,
the vibrational dependence of the S; term is proportional to the change in vibrational

quanta,

S, [(v1 R R el A 2R SR TN ”)] o ¢, Av, +c,Av, +c;Av, 3)

where Av; =v;'—v;" (i=1 to 3) is the number of vibrational quanta exchanged in the it

mode for the considered ro-vibrational transition. For CO,, the coefficients in Eq. (3)
were reported in Ref. [41] in au; ¢,=0.14, c;= 0.07, and ¢3= 0.268. The vibrational

dependence of the half-width and line shift can thus be written
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As transitions involve larger and larger exchanges of vibrational quanta the linear
development used in the derivation of Eq. (4) may come into question. To allow for this
fact the powers in the expressions were generalized and solved for as described below

and the expressions were rewritten for any ro-vibrational transition,

Py
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where y and 0 are the half-width and line shift for the ro-vibrational transition

', ) f ", " vy i, I, and I}‘i_l. are the intercepts and Apl
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the slopes both with units of cm™ atm™, and (c, Av, + ¢, Av, + ¢, Av,)” and

(¢, Av, + ¢, Av, + ¢, Av, )" are the Quantum Coordinates of the lines describing the

vibrational dependence of the half-widths and line shifts respectively. Note, this
modification has the effect of stretching or compressing the space of the model to allow
better prediction (described below). If data are available for a number of ro-vibrational
transitions with the same J* and J” fits can be made to Egs. (5) to determine the power,
slope, and intercept. The procedure is described below.

The notation of Toth ef al. [54], given by 5 integers, is used for the vibrational

states of CO»; Vi Va2l v3n. vivzand vs give the number of active quanta for each



fundamental, /5 is the ¢ value for the v, degenerate fundamental and its overtones, and »

is the n™ component of the v, and 2v, Fermi interacting states (including their overtone
and combination states). This notation can be put in generic normal-mode notation by
removing one quantum of v; and adding two quanta of v for each »"™ component greater
than 1. For example the vibrational state 20011 is 2v; + v3 in normal mode notation and
20012 is vi+2 vo +vs.

Equations (3) and (5) and the coefficients of the vibrational dependence of the
polarizability for CO, suggest that transitions where the only vibrational quantum number
that changes is # should have identical half-widths and line shifts because for each
increase in 1, V; decreases by 1, v, increases by 2 but the coefficient for v, is twice that

for V.

3. Calculations

In order to make fits to Egs. (5) half-width and line shift data must be available
for a number of vibrational transitions for the same rotational transition. Because the
Quantum Coordinate depends on the number of v;,v», and v; quanta exchanged in the
transition the fits should contain data where the number exchanged is large. To get such
data, CRB calculations were made following the methods of Refs. [41-43] for J” from 0
to 160 for the 24 vibrational bands listed in Table 1, which considers vibrational
transitions up to Av;=3, Av,=5, and Av;=9. To allow the prediction of all transitions
(fundamental, hot, and overtone band) the calculations considered all rotational states,

even and odd, even for the rotational states. The calculations were made for N,-, O,-, air-
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, and self-broadening of CO,. The molecular constants used in the CRB calculations are
listed in Refs. [41-43] and the constants used for energies and wavefunctions of CO, in
Ref. [47]. The data at 9 temperatures were used in the current study; 200, 250, 296, 350,
500, 700, 1000, 1500, 2000 K.

One important question arises. If fits are to be made to the CRB calculated half-
widths and line shifts to determine parameters that will allow prediction of half-widths
and line shifts for transitions that have not been measured or calculated, what is the
accuracy of the CRB calculations? The CRB calculations have been compared with
recent high accuracy measurement in Refs. [41-43, 47] and in general the half-widths
agree with a standard deviation of 1-3 % and the line shifts show very small deviations.
See the cited references for details.

The databases for high-temperature applications [28, 29] have data for transitions
with J” up to 200. The current limit of the CRB codes is J”=160. In order to obtain the
needed data several extrapolations routines were developed to predict the half-width and
line shift for these transitions for each temperature of the study. The half-widths were
considered first. Plots of (296 K), dy/d.J” and d’y/dJ"” versus m were made in the range
J’=140-160. From these data it was determined that a linear fit of the data from J’=141
to 160 could allow extrapolation from J”=161 to 200. Fits were made and the
extrapolated half-width data produced at the temperatures considered in this work.

The study of the line shifts considered the three methods tested above. The first
and second derivatives of the line shift show strong oscillations but over a small range. It
is thought this is due to taking differences between a quantity (the line shift) with small

magnitude. Fitting the line shifts from J”’=151-160 to a straight line worked quite well
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and allowed the extrapolation from J”=161-200. Extrapolated line shifts were produced
for the 9 temperatures of the study.

As an example, Fig. 1 presents the half-widths, line shifts, and temperature
dependence of the half-width in the range 200-350 K versus m for the 30012<00001
band of CO, with air as the buffer gas. Plotted are the data for the P-, Q-, and R-branch
given by a black +, red X, and solid blue circle symbols, respectively. Note, that while
this band does not have Q-transitions the prediction routine allows Q-lines to be
calculated and these data are included for comparison with data for the other branches. In
general there is only a small variation in the P-, Q-, and R-branch data. The extrapolated
data smoothly join the calculated data. These data were then used in fits of Egs. (5) to

determine the parameters that allow predictions to be made for transitions with J”” up to

200.

4. Fits to determine the coefficients in Egs. 5
Equations (5) were fit to the CRB half-width and line shift data using a search

algorithm that adjusts the power p, (or p;) then makes a least-squares fit to determine the

slope (Atci or Brei) and the intercept (/7_; or / 0

;) of the line and the correlation
coefficient, R, of the fit. The algorithm iterates by a simple stepping method, where the
step size decreases when the direction changes, until the best fit determined by 1-|R| less
than a threshold, €, here set to 0.0001. Note, a correlation coefficient equal to |1| implies
the data perfectly fits the equation. The initial choices of the powers in the algorithm are

2.01 for p,and 1.01 for p;, with an initial step of -0.002, thus walking toward the

theoretical values of 2 and 1 for y and 0, respectively. When the value of 1-|R| increases
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with the step, the step size is halved and the walk direction changed. Figures 2a and 2b
show the fits for air-broadening of CO, at 296 K for the P16 and P116 transitions.

Shown are the calculated data (blue + symbol), the fit of the data (red line) and in the top
panel the measured data (black x symbol). Figs. 3a and b show the fits for the air-
induced line shifts of CO, for the same transitions in the same format as Fig. 2. The CO;-
air measured half-width data are from the work of Tanaka et al. [55], Devi et al. [56, 57],
Toth et al. [58], Predoi-Cross et al. [59, 60], and Gulidova et al. [61]. The air-induced
line shift measurements are from the work of Devi et al. [57], Toth et al. [58], Predoi-
Cross et al. [59, 60], and Gulidova et al. [61].

Fits were made for each rotational transition at each of the temperatures of the
study. On average the algorithm took less than 10 iterations for low J” lines and up to
several hundred for high J” lines. In general the correlation coefficients are 1 to three
significant figures or better, even for the extrapolated data. The appropriateness of the
model (Egs. (5)) is evident from the plots or the correlation coefficients determined for
the fits. Similar fit results were obtained for all the broadening molecules at all the
temperatures of the study. Complete sets of plots for pressure -broadening and pressure
shifting of CO, with the buffer gases N,, O, air, and CO, for each temperature studied
can be found on the corresponding author’s web site (faculty.uml.edu/Robert Gamache).

Tables 2 and 3 report the fit parameters for the air-broadened half-width and the
air-induced pressure shift of CO, transitions for the temperature 296 K. Table 2 gives the
results for P-branch transitions from J”=1 to 200 and Table 3 gives the results for R-

branch transitions from J”=0 to 200. These data allow the recalculation of y and J data in

Table 1 and the prediction of y and 6 data for other transitions for the CO,-air collision
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system. The complete set of fit data from the above work allows the prediction of y and &

data for the other perturbing gases and temperatures.

5. Prediction algorithm

Using the intercept, slope, and power data from the fits line shape parameters,
prediction routines were written for the CO,-N,, CO,-0,, CO»-air, and CO,-CO; collision
systems at the 9 temperatures of this study. Because the line shape parameters can be
determined at different temperatures, the prediction routines can be customized for
particular application such as the atmospheres of Mars or Venus or high temperature
applications. The authors are currently working with the CDSD group [26-28] and with
Huang ef al. [29] to add line shape information to their databases. Researchers who
would like CO; line shape information in a particular temperature range within 200-2000

K are encouraged to contact the corresponding author.

6. Discussion and Conclusion

An examination of the complex Robert-Bonamy equations for carbon dioxide as
the radiating molecule revealed that for comparing vibrational transitions for the same
rotational transition the S, components cancel each other to a large extent leaving the S,
term as the dominant component in determining the vibrational dependence of the half-
width and line shift. This result leads to a simple theoretical expression to model the

vibrational dependence of a rotational transition, e.g. Egs. 5. Using CRB calculations of
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the half-width and line shift, which have shown excellent agreement with measurement,
for 24 vibrational bands, fits of Egs. (5) to the data were made at 9 temperatures ranging
from 200-2000 K for rotational transitions with J”=0 to 160. The correlation coefficients
of the fits clearly demonstrate the quality of Egs. (5) to represent the vibrational
dependence of y and 0 data. These data were extrapolated to J”=200 for application to
the high temperature databases. The results of the fits for each rotational transition, the
slope, intercept, and power in the Quantum Coordinate, can be used to predict y and 0 for
the same rotational transition for any vibrational transition. Because the fitting data are
available over a range of temperatures, the temperature dependence of the line shape

parameters can also be determined for particular temperature ranges.

6.0 Acknowledgements

The authors are pleased to acknowledge support of this research by the National
Science Foundation through Grant No. AGS-1156862. Any opinions, findings, and
conclusions or recommendations expressed in this material are those of the author(s) and

do not necessarily reflect the views of the National Science Foundation.

7.0 References

[1] Tans P, Keeling R, Trends in Carbon Dioxide: Recent Monthly CO; at Mauna
Loa, 2012, Available from: http://www.esrl.noaa.gov/gmd/ccgg/trends.

[2] Rothman LS, Gordon IE, Barbe A, Benner DC, Bernath PF, Birk M, Boudon V,
Brown LR, Campargue A, Champion J-P, Chance K, Coudert LH, Dana V, Devi
VM, Fally S, Flaud J-M, Gamache RR, Goldman A, Jacquemart D, Kleiner I,
Lacome N, Lafferty WJ, Mandin J-Y, Massie ST, Mikhailenko SN, Miller CE,
Moazzen-Ahmadi N, Naumenko OV, Nikitin AV, Orphal J, Perevalov VI, Perrin
A, Predoi-Cross A, Rinsland CP, Rotger M, Simeckova M, Smith MAH, Sung K,

15



[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Tashkun SA, Tennyson J, Toth RA, Vandaele AC, Auwera JV. The HITRAN
2008 molecular spectroscopic database, J. Quant. Spectrosc. Radiat. Transfer
2009; 110: 533-72, doi 10.1016/j.jqsrt.2009.02.013.

Predoi-Cross A, Unni AV, Liu W, Schofield I, Holladay C, McKellar ARW,
Hurtmans D. Line shape parameters measurement and computations for self-
broadened carbon dioxide transitions in the 30012 <= 00001 and 30013 < 00001
bands, line mixing, and speed dependence, J. Mol. Spectrosc. 2007; 245: 34-51,
doi 10.1016/j.jms.2007.07.004.

Lorius C, Jouzel J, Ritz C, Merlivat L, Barkov NI, Korotkevich YS, Kotlyakov
VM. A 150,000-year climate record from Antartic ice, Nature 1985; 316: 591-6.
Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola J-M, Basile I, Bender M,
Chappellaz J, Davisk M, Delaygue G, Delmotte M, Kotlyakov VM, Legrand M,
Lipenkov VY, Lorius C, Pépin L, Ritz C, Saltzman E, Stievenard M. Climate and
atmospheric history of the past 420,000 years from the Vostok ice core,
Antarctica, Nature 1999; 399: 429-36.

Keeling CD, Variations in concentration and isotopic abundances of atmospheric
carbon dioxide, Proceedings of the conference on recent research in climatology,
Committee on Research in Water Resources and University of California, Scripps
Institution of Oceanography, La Jolla, California, 1957.

Keeling CD. The Concentration and Isotopic Abundances of Carbon Dioxide in
the Atmosphere, Tellus 1960; 12: 200-3.

IPCC. Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change, 2007.

Chalon G, Cayla F, Diebel D, IASI : An Advance Sounder for Operational
Meteorology, Proceedings of the 52nd Congress of IAF, Toulouse, France, 1-5
Oct., 2001.

Kramer HJ. Observation of the Earth and its Environment - Survey of Missions
and Sensors, Springer Verlag, 2002.

Aumann HH, Gregorich D, Gaiser S. AIRS hyper-spectral measurements for
climate research: Carbon dioxide and nitrous oxide effects, Geophys. Res. Lett.
2005; 32: L05806, doi 0.1029/2004GL021784.

Parkinson CL. Aqua: An Earth-Observing Satellite Mission to Examine Water
and Other Climate Variables, IEEE Trans. Geosci. Remote Sens. 2003; 41: 173-
83, doi 10.1109/TGRS.2002.808319.

Inoue G, Yokota T, Oguma H, Higurashi A, Morino I, T. Aoki, Overview of
Greenhouse Gases Observing Satellite (GOSAT) of Japan, AGU 2004 Fall
Meeting, San Francisco, California, USA, 13—17 December, 2004.

Crisp D, Atlas RM, Breon F-M, Brown LR, Burrows JP, Ciais P, Connor BJ,
Doney SC, Fung 1Y, Jacob DJ, Miller CE, O’Brien D, Pawson S, Randerson JT,
Rayner P, Salawitch RJ, Sander SP, Sen B, Stephens GL, Tans PP, Toon GC,
Wennberg PO, Wofsy SC, Yung YL, Kuang Z, Chudasama B, Sprague G, Weiss
B, Pollock R, Kenyon D, Schroll S. The Orbiting Carbon Observatory (OCO)
Mission, Adv. Space Res. 2004; 34: 700-9, doi 10.1016/j.asr.2003.08.062.

Crisp D, Miller C, The Need for Atmospheric Carbon Dioxide Measurements
from Space: Contributions from a Rapid Reflight of the Orbiting Carbon

16



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Observatory. http://www.nasa.gov/pdf/363474main_OCO_Reflight.pdf. 2009, Jet
Propulsion Laboratory: Pasadena.

Jacquinet-Husson N, Crepeau L, Armante R, Boutammine C, Chédin A, Scott
NA, Crevoisier C, Capelle V, Boone C, Poulet-Crovisier N, Barbe A, Campargue
A, Chris Benner D, Benilan Y, Bézard B, Boudon V, Brown LR, Coudert LH,
Coustenis A, Dana V, Devi VM, Fally S, Fayt A, Flaud JM, Goldman A, Herman
M, Harris GJ, Jacquemart D, Jolly A, Kleiner I, Kleinbohl A, Kwabia-Tchana F,
Lavrentieva N, Lacome N, Xu L-H, Lyulin OM, Mandin JY, Maki A,
Mikhailenko S, Miller CE, Mishina T, Moazzen-Ahmadi N, Miiller HSP, Nikitin
A, Orphal J, Perevalov V, Perrin A, Petkie DT, Predoi-Cross A, Rinsland CP,
Remedios JJ, Rotger M, Smith MAH, Sung K, Tashkun S, Tennyson J, Toth RA,
Vandaele AC, Vander Auwera J. The 2009 edition of the GEISA spectroscopic
database, Journal of Quantitative Spectroscopy and Radiative Transfer 2011; 112:
2395-445, doi 10.1016/j.jqsrt.2011.06.004.

Basilevsky AT, Head JW. The surface of Venus, Rep. Prog. Phys 2003; 66:
1699-734, doi 10.1088/0034-4885/66/10/R04.

Bertaux JL, Vandaele AC, Korablev O, Villard E, Fedorova A, Fussen D,
Quémerais E, Belyaev D, Mahieux A, Montmessin F, Muller C, Neefs E,
Nevejans D, Wilquet V, Dubois JP, Hauchecorne A, Stepanov A, Vinogradov I,
Rodin A. A warm layer in Venus' cryosphere and high-altitude measurements of
HF, HCI, H,O and HDO, Nature 2007; 450: 646-9, doi 10.1038/nature05974.
Williams DR, Martian Atmosphere, 2010, Available from:
http://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html.

Pollack JB, Dalton JB, Grinspoon D, Wattson RB, Freedman R, Crisp D, Allen
DA, Bezard B, DeBergh C, Giver LP, Ma Q, Tipping R. Near- Infrared Light
from Venus' Nightside: A Spectroscopic Analysis, Icarus 1993; 103: 1-42, doi
10.1006/icar.1993.1055.

Horvéth B, Hofmann MEG, Pack A. On the triple oxygen isotope composition of
carbon dioxide from some combustion processes, Geochimica et Cosmochimica
Acta 2012; 95: 160-8, doi http://dx.doi.org/10.1016/j.gca.2012.07.021.
Schumacher M, Werner RA, Meijer HAJ, Jansen HG, Brand WA, Geilmann H,
Neubert REM. Oxygen isotopic signature of CO, from combustion processes,
Atmos. Chem. Phys. 2011; 11: 1473-90, doi 10.5194/acp-11-1473-2011.

Cai T, Gao G, Gao X, Chen W, Liu G. Diode laser measurement of line strengths
and air-broadening coefficients of CO, and CO in the 1.57 um region for
combustion diagnostics, Mol. Phys. 2010; 108: 539-45, doi
10.1080/00268970903547934.

Lamouroux J, Tran H, Laraia AL, Gamache RR, Rothman LS, Gordon IE,
Hartmann J-M. Updated database plus software for line-mixing in CO, infrared
spectra and their test using laboratory spectra in the 1.5-2.3 um region, J. Quant.
Spectrosc. Radiat. Transfer 2010; 111: 2321-31, doi 10.1016/j.jqsrt.2010.03.006.
Rothman LS, Gordon IE, Barber RJ, Dothe H, Gamache RR, Goldman A,
Perevalov VI, Tashkun SA, Tennyson J. HITEMP, the High-Temperature
Molecular Spectroscopic Database, J. Quant. Spectrosc. Radiat. Transfer 2010;
111: 2139-50, doi 10.1016/j.jqsrt.2010.05.001.

17



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Tashkun S. A., Perevalov V. L., Teffo J.-L., Bykov A. D., N. LN, CDSD-296, the
carbon dioxide spectroscopic databank: version for atmospheric applications (See
also ftp://ftp.iao.ru/pub/CDSD-296/), XIV Symposium on High Resolution
Molecular Spectroscopy, Krasnoyarsk, Russia, 2003.

Tashkun SA, Perevalov VI, Teffo J-L, Bykov AD, Lavrentieva NN. CDSD-1000,
the High-temperature Carbon Dioxide Spectroscopic Databank, J. Quant
Spectrosc. Radiat. Transfer 2003; 82: 165-96, doi 0.1016/S0022-4073(03)00152-
3.

Tashkun SA, Perevalov VI. CDSD-4000: High-resolution, high-temperature
carbon dioxide spectroscopic databank, Journal of Quantitative Spectroscopy and
Radiative Transfer 2011; 112: 1403-10, doi 10.1016/j.jqsrt.2011.03.005.

Huang X, Schwenke DW, Tashkun SA, Lee TJ. An isotopic-independent highly
accurate potential energy surface for CO, isotopologues and an initial '*C'°O,
infrared line list, J. Chem. Phys. 2012; 136: 124311, doi 10.1063/1.3697540.
Gamache RR, Hartmann J-M. Collisional parameters of H,O lines: effects of
vibration, J. Quant. Spectrosc. Radiat. Transfer 2004; 83: 119-47, doi
10.1016/S0022-4073(02)00296-0.

Robert D, Bonamy J. Short range force effects in semiclassical molecular line
broadening calculations, J. Phys. France 1979; 40: 923-43, doi

Ma Q, Tipping RH, Gamache RR. Uncertainties Associated with Theoretically
Calculated N,-Broadened Half-Widths of H,O Lines, Mol. Phys. 2010; 108:
2225-52, doi 10.1080/00268976.2010.505209.

Lynch R, Gamache RR, Neshyba SP. Fully Complex Implementation of the
Robert-Bonamy Formalism: Halfwidths and Line Shifts of H,O Broadened by N,
J. Chem. Phys. 1996; 105: 5711-21, doi 10.1063/1.472416.

Gamache RR, Lynch R, Neshyba SP. New Developments in the Theory of
Pressure-Broadening and Pressure-Shifting of Spectral Lines of H,O: The
Complex Robert-Bonamy Formalism, J. Quant. Spectrosc. Radiat. Transfer 1998;
59: 319-35, doi 10.1016/S0022-4073(97)00123-4.

Bykov AD, Lavrentieva NN, Sinitsa LN. Resonance Functions of the Theory of
Broadening and Shift of Lines for Actual Trajectories, Atmos. Oceanic Opt. 1992;
5: 728-30, doi

Joubert P, Bonamy J, Robert D. Exact trajectory in semiclassical line broadening
and line shifting calculation test for Ho-He Q(1) line, J. Quant. Spectrosc. Radiat.
Transfer 1999; 61: 19-24, doi 10.1016/S0022-4073(97)00187-8.

Buldyreva J, Bonamy J, Robert D. Semiclassical calculations with exact trajectory
for N, rovibrational Raman linewidths at temperatures below 300 K, J. Quant.
Spectrosc. Radiat. Transfer 1999; 62: 321-43, doi 10.1016/S0022-
4073(98)00107-1.

Pickett HM. Effects of velocity averaging on the shapes of absorption lines, J.
Chem. Phys. 1980; 73: 6090-904, doi 10.1063/1.440145

Tipping RH, Herman RM. Impact theory for the noble gas pressure-induced HCI
vibration-rotation and pure rotation line widths - I, J. Quant. Spectrosc. Radiat.
Transfer 1970; 10: 881-96, doi 10.1016/0022-4073(70)90031-2.

18



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

Gamache RR, Rosenmann L. The Effects of Velocity Averaging in Broadening
Coefficient Calculations, J. Mol. Spectrosc. 1994; 164: 489-99, doi
10.1006/jmsp.1994.1091.

Gamache RR, Lamouroux J, Laraia AL, Hartmann J-M, Boulet C. Semiclassical
calculations of half-widths and line shifts for transitions in the 30012<—00001 and
30013<-00001 bands of CO, I: Collisions with N3, J. Quant. Spectrosc. Radiat.
Transfer 2012; 113: 976-90, doi 10.1016/j.jqsrt.2012.02.014.

Lamouroux J, Gamache RR, Laraia AL, Hartmann J-M, Boulet C. Semiclassical
calculations of half-widths and line shifts for transitions in the 30012<—00001 and
30013<-00001 bands of CO, II: collisions with O, and Air, J. Quant. Spectrosc.
Radiat. Transfer 2012; 113: 991-1003, doi 10.1016/.jqsrt.2012.02.015.
Lamouroux J, Gamache RR, Laraia AL, Hartmann J-M, Boulet C. Semiclassical
calculations of half-widths and line shifts for transitions in the 30012<—00001 and
30013<=00001 bands of CO, III: self collisions, J. Quant. Spectrosc. Radiat.
Transfer 2012; 113: 1536-46, doi 10.1016/j.jqsrt.2012.03.035.

Ben-Reuven A, Spectral Line Shapes in Gases in the Binary-Collision
Approximation, Adv. Chem. Phys., Prigogine I and Rice SA, Editors. 1975,
Academic Press: New York. p. 235.

Lynch R, Gamache RR, Neshyba SP. N, and O, Induced Halfwidths and Line
Shifts of Water Vapor Transitions in the (301)<—(000) and (221)<—(000) Bands, J.
Quant. Spectrosc. Radiat. Transfer 1998; 59: 595-613, doi 10.1016/S0022-
4073(97)00142-8.

Lynch R. Half-widths and line shifts of water vapor perturbed by both nitrogen
and oxygen. Ph.D. dissertation, University of Massachusetts Lowell, June, 1995.
Gamache RR, Lamouroux J. The vibrational dependence of half-widths of CO,
transitions broadened by N, O, air, and CO; In Press, J. Quant. Spectrosc.
Radiat. Transfer 2012; 117: 93-103, doi 10.1016/j.jqsrt.2012.10.028

Jacquemart D, Gamache R, Rothman LS. Semi-empirical calculation of air-
broadened half-widths and air pressure-induced frequency shifts of water-vapor
absorption lines, J. Quant. Spectrosc. Radiat. Transfer 2005; 96: 205-39, doi
10.1016/j.jqsrt.2004.11.018.

Herzberg G. Molecular Spectra and Molecular Structure II. Infrared and Raman
Spectra of Polyatomic Molecules, D. Van Nostrand Company, Inc. New Jersey,
1960.

Thibault F, Boissoles J, Le Doueen R, Bouanich JP, Areas P, Boulet C. Pressure
induced shifts of CO, lines: Measurements in the 00°3-00°0 band and theoretical
analysis, J. Chem. Phys. 1992; 96: 4945-53, doi 10.1063/1.462737.

Boulet C, Robert D, Galatry L. Shifts of the vibration-rotation absorption lines of
diatomic molecules perturbed by diatomic polar molecules A theoretical analysis,
J. Chem. Phys. 1976; 65: 5302-14, doi 10.1063/1.433031.

Friedmann H, Kimal S. Interpretation of Spectra of HCI and DCl in an Argon
Matrix, J. Chem. Phys. 1964; 41: 2552-3, doi 10.1063/1.1726302.

Parker GA, Pack RT.J. Chem. Phys. 1978; 69: 3268-78, doi 10.1063/1.436978.
Toth RA, Brown LR, Miller CE, Malathy Devi V, Benner DC. Spectroscopic
database of CO; line parameters: 4300-7000 cm™, J. Quant. Spectrosc. Radiat.
Transfer 2008; 109: 906-21, doi 10.1016/j.jqsrt.2007.12.004.

19



[55]

[56]

[57]

[58]

[59]

[60]

[61]

Tanaka T, Fukabori M, Sugita T, Nakajima H, Yokota T, Watanabe T, Sasano Y.
Spectral line parameters for CO; bands in the 4.8- to 5.3-um region, J. Mol.
Spectrosc. 2006; 239: 1-10, doi 10.1016/j.jms.2006.05.013.

Devi VM, Benner DC, Brown LR, Miller CE, Toth RA. Line mixing and speed
dependence in CO2 at 6227.9 cm™': Constrained multispectrum analysis of
intensities and line shapes in the 30013 <— 00001 band, J. Mol. Spectrosc. 2007;
245: 52-80, doi 10.1016/j.jms.2007.05.015.

Devi VM, Benner DC, Brown LR, Miller CE, Toth RA. Line mixing and speed
dependence in CO, at 6348 cm’': Positions, intensities, and air- and self-
broadening derived with constrained multispectrum analysis, J. Mol. Spectrosc.
2007; 242: 90-117, doi 10.1016/j.jms.2007.02.018.

Toth RA, Miller CE, Devi VM, Benner DC, Brown LR. Air-broadened halfwidth
and pressure shift coefficients of '*C'°0, bands: 47507000 cm', J. Mol.
Spectrosc. 2007; 246: 133-57, doi 10.1016/j.jms.2007.09.005.

Predoi-Cross A, McKellar ARW, Benner DC, Devi VM, Gamache RR, Miller
CE, Toth RA, Brown LR. Temperature dependences for air-broadened Lorentz
half-width and pressure shift coefficients in the 30013<—00001 and 30012«
00001 bands of CO; near 1600 nm, Can J. Phys. 2009; 87: 517-35, doi
10.1139/P08-137.

Predoi-Cross A, Liu W, Holladay C, Unni AV, Schofield I, McKellar ARW,
Hurtmans D. Line profile study of transitions in the 30012<—00001 and 30013«
00001 bands of carbon dioxide perturbed by air, J. Mol. Spectrosc. 2007; 246:
98-112, doi 10.1016/j.jms.2007.08.008.

Gulidova OS, E.Asfin R, Grigoriev IM, Filippov NN. Air pressure broadening
and shifting of high-J lines of (00011) < (00001) band of *C'°0,, J. Quant.
Spectrosc. Radiat. Transfer 2010; 111: 2315-20, doi 10.1016/j.jgsrt.2010.04.027.

20



Tables

Table 1

Vibrational band for which CRB calculations were made.
Py I}Z(_l. , At¢i, and the correlation coefficient R from the fit of Eq. Sa for P-

branch transitions from J”=1 to 200 for CO, broadened by air at 296K.
Ps» I}‘i_l. , Btci, and the correlation coefficient R from the fit of Eq. 5b for

R-branch transitions from J”=0 to 200 for CO, broadened by air at 296K.

Vibrational bands for which CRB calculations were made.

band

band

00001 € 00001

30001 € 00001

00011 € 00001

01101e € 00001

00021 € 00001

02201e € 00001

00031 € 00001

03301e € 00001

00041 € 00001

04401e € 00001

00051 € 00001

05501e € 00001

00061 € 00001

20011 € 00001

00071 € 00001

20012 € 00001

00081 € 00001

20013 € 00001

00091 € 00001

30011 € 00001

10001 € 00001

30012 € 00001

20001 € 00001

30013 € 00001
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Y
Py Ly

branch transitions from J”=1 to 200 for CO, broadened by air at 296K.

At¢i, and the correlation coefficient R from the fit of Eq. 5a for P-

rolroop, 7.t | Ara*1007 R
0 |1 2.008 | 0.09265 | 0.01681 | 0.9969
1 [2 [ 2002 [ 008920 | 0.02019 | 1.0050
2 |3 2004 | 0.08840 | 0.02170 | 1.0044
3 |4 | 2004 | 008779 | 0.02335 | 0.9985
4 |5 2.002 | 0.08709 | 0.02581 | 0.9991
5 J6 | 2002 | 008625 | 0.02843 | 1.0007
6 |7 1948 | 0.08529 | 0.03302 | 0.9946
7 |8 1900 | 0.08424 | 0.03819 | 0.9989
8 |9 1.832 | 0.08312 | 0.04498 | 0.9980
9 |10 | 1.840 | 0.08197 | 0.05005 | 0.9994
10 [11 [ 1.786 [ 0.08084 | 0.05780 | 0.9990
11 [12 [ 1.854 | 0.07978 | 0.05959 | 0.9987
12 [13 [ 1768 | 0.07873 | 0.06971 | 0.9989
13 [14 [ 1776 | 0.07770 | 0.07522 | 0.9991
14 [15 [ 1752 | 0.07666 | 0.08253 | 0.9991
15 [16 | 1.726 | 0.07565 | 0.08910 | 0.9995
16 |17 | 1742 | 0.07473 | 0.09128 | 0.9991
17 [18 [ 1.800 | 0.07391 [ 0.08880 | 0.9991
18 [19 [ 1.832 | 0.07318 | 0.08717 | 0.9990
19 [20 [ 1.832 | 0.07252 [ 0.08712 | 0.9991
20 [21 | 1.816 | 0.07193 | 0.08785 [ 0.9997
21 [22 | 1.806 | 0.07140 | 0.08822 | 0.9995
22 [23 | 1872 | 0.07094 | 0.08349 [ 0.9994
23 |24 | 1.872 | 0.07051 | 0.08372 | 0.9995
24 25 | 1.872 | 0.07012 | 0.08392 [ 0.9994
25 26 | 1.840 | 0.06977 | 0.08624 | 0.9996
26 27 | 1.824 | 0.06946 | 0.08726 [ 0.9997
27 [28 | 1.836 | 0.06921 | 0.08617 | 0.9997
28 29 | 1.872 | 0.06902 | 0.08337 | 0.9997
29 [30 | 1.872 | 0.06885 | 0.08307 [ 0.9996
30 |31 | 1.872 | 0.06871 | 0.08284 | 1.0000
31 |32 | 1.872 | 0.06859 | 0.08285 | 1.0001
32 |33 | 1.872 | 0.06847 | 0.08318 | 0.9998
33 |34 | 1872 | 0.06836 | 0.08376 | 0.9998
34 |35 | 1.872 | 0.06825 | 0.08441 | 0.9999
35 |36 | 1.890 | 0.06815 | 0.08373 | 1.0000
36|37 | 1922 | 0.06806 | 0.08181 | 0.9997
37 |38 | 1.904 | 0.06796 | 0.08309 | 0.9998
38 139 | 1.908 | 0.06789 | 0.08275 | 0.9998

22



39 140 1.900 0.06782 0.08322 1.0000
40 |41 1.948 0.06778 0.08006 0.9997
41 |42 1.932 0.06770 0.08137 0.9998
42 143 1.892 0.06762 0.08451 1.0001
43 |44 1.900 0.06753 0.08466 0.9998
44 |45 1.948 0.06745 0.08243 0.9996
45 |46 1.890 0.06732 0.08788 0.9999
46 | 47 1.884 0.06720 0.08970 0.9996
47 |48 1.864 0.06707 0.09227 1.0000
48 149 1.878 0.06696 0.09186 0.9998
49 150 1.838 0.06684 0.09544 0.9996
50 |51 1.872 0.06674 0.09343 0.9997
51 |52 1.854 0.06662 0.09570 0.9998
52 |53 1.832 0.06648 0.09846 0.9998
53 |54 1.846 0.06634 0.09844 0.9996
54 |55 1.806 0.06618 0.10322 0.9998
55 |56 1.816 0.06602 0.10433 0.9997
56 |57 1.796 0.06583 0.10839 0.9994
57 |58 1.770 0.06564 0.11291 0.9996
58 159 1.766 0.06547 0.11479 0.9996
59 160 1.752 0.06530 0.11718 0.9998
60 |61 1.770 0.06514 0.11651 0.9996
61 |62 1.746 0.06496 0.12031 0.9996
62 |63 1.742 0.06478 0.12244 0.9995
63 |64 1.714 0.06457 0.12694 0.9996
64 |65 1.688 0.06436 0.13104 0.9996
65 |66 1.694 0.06417 0.13197 0.9996
66 |67 1.648 0.06393 0.13958 0.9997
67 |68 1.650 0.06371 0.14239 0.9996
68 |69 1.640 0.06349 0.14639 0.9995
69 170 1.624 0.06327 0.15036 0.9996
70 |71 1.630 0.06307 0.15107 0.9995
71 |72 1.624 0.06286 0.15339 0.9996
72 |73 1.606 0.06264 0.15771 0.9996
73 174 1.584 0.06241 0.16286 0.9995
74 |75 1.594 0.06219 0.16350 0.9996
75 176 1.570 0.06196 0.16850 0.9995
76 |77 1.586 0.06174 0.16806 0.9995
77 |78 1.552 0.06149 0.17543 0.9994
78 179 1.558 0.06128 0.17746 0.9994
79 180 1.572 0.06107 0.17803 0.9995
80 |81 1.554 0.06084 0.18275 0.9996
81 |82 1.548 0.06063 0.18534 0.9996
82 |83 1.564 0.06043 0.18474 0.9994
83 |84 1.540 0.06019 0.19088 0.9994
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84 |85 1.532 0.05997 0.19473 0.9995
85 |86 1.552 0.05977 0.19367 0.9995
86 | 87 1.558 0.05956 0.19443 0.9995
87 |88 1.526 0.05932 0.20162 0.9995
88 |89 1.516 0.05909 0.20579 0.9995
89 190 1.512 0.05888 0.20947 0.9995
90 |91 1.520 0.05868 0.21109 0.9995
91 192 1.520 0.05848 0.21378 0.9995
92 193 1.512 0.05827 0.21776 0.9995
93 194 1.506 0.05806 0.22146 0.9994
94 195 1.494 0.05785 0.22651 0.9995
95 196 1.500 0.05766 0.22809 0.9995
9% |97 1.502 0.05746 0.23015 0.9995
97 198 1.494 0.05727 0.23370 0.9995
98 199 1.512 0.05710 0.23200 0.9995
99 1100 | 1.490 0.05689 0.23846 0.9995
100 | 101 | 1.512 0.05673 0.23638 0.9995
101 | 102 | 1.502 0.05654 0.24084 0.9995
102 | 103 | 1.506 0.05636 0.24230 0.9995
103 | 104 | 1.500 0.05618 0.24558 0.9996
104 | 105 | 1.512 0.05602 0.24496 0.9996
105 | 106 | 1.512 0.05585 0.24685 0.9996
106 | 107 | 1.516 0.05568 0.24788 0.9996
107 | 108 | 1.506 0.05551 0.25176 0.9996
108 | 109 | 1.502 0.05534 0.25423 0.9996
109 | 110 | 1.512 0.05518 0.25365 0.9996
110 | 111 | 1.484 0.05499 0.26153 0.9996
111 | 112 | 1.486 0.05483 0.26320 0.9996
112 | 113 | 1.478 0.05466 0.26738 0.9996
113 | 114 | 1.486 0.05452 0.26797 0.9996
114 | 115 | 1.474 0.05435 0.27298 0.9996
115 | 116 | 1.478 0.05421 0.27421 0.9996
116 | 117 | 1.472 0.05405 0.27773 0.9995
117 | 118 | 1.482 0.05392 0.27740 0.9996
118 | 119 | 1.478 0.05377 0.28021 0.9997
119 | 120 | 1.486 0.05365 0.27991 0.9996
120 | 121 | 1.484 0.05351 0.28173 0.9996
121 | 122 | 1.480 0.05337 0.28414 0.9997
122 | 123 | 1.484 0.05324 0.28496 0.9996
123 | 124 | 1.488 0.05311 0.28606 0.9997
124 | 125 | 1.486 0.05298 0.28874 0.9997
125 | 126 | 1.492 0.05286 0.28939 0.9997
126 | 127 | 1.486 0.05272 0.29291 0.9997
127 | 128 | 1.488 0.05260 0.29450 0.9997
128 | 129 | 1.494 0.05248 0.29529 0.9997
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129 | 130 | 1.494 0.05235 0.29770 0.9997
130 | 131 | 1.496 0.05223 0.29965 0.9997
131 | 132 | 1.490 0.05210 0.30360 0.9997
132 | 133 | 1.490 0.05198 0.30599 0.9997
133 | 134 | 1.484 0.05185 0.31000 0.9997
134 | 135 | 1.478 0.05172 0.31416 0.9997
135 | 136 | 1.488 0.05162 0.31407 0.9997
136 | 137 | 1.490 0.05151 0.31589 0.9997
137 | 138 | 1.490 0.05140 0.31800 0.9997
138 | 139 | 1.494 0.05130 0.31881 0.9997
139 | 140 | 1.492 0.05119 0.32107 0.9998
140 | 141 | 1.492 0.05108 0.32277 0.9998
141 | 142 | 1482 0.05096 0.32716 0.9997
142 | 143 | 1.486 0.05086 0.32767 0.9997
143 | 144 | 1.484 0.05075 0.32993 0.9997
144 | 145 | 1.486 0.05065 0.33125 0.9997
145 | 146 | 1.484 0.05055 0.33383 0.9997
146 | 147 | 1.474 0.05043 0.33894 0.9997
147 | 148 | 1.476 0.05033 0.34075 0.9997
148 | 149 | 1.478 0.05023 0.34265 0.9997
149 | 150 | 1.478 0.05012 0.34526 0.9997
150 | 151 | 1.474 0.05001 0.34920 0.9997
151 | 152 | 1.470 0.04990 0.35325 0.9997
152 | 153 | 1.474 0.04981 0.35497 0.9997
153 | 154 | 1.478 0.04971 0.35656 0.9997
154 | 155 | 1.478 0.04961 0.35923 0.9997
155 | 156 | 1.484 0.04952 0.35993 0.9997
156 | 157 | 1.474 0.04940 0.36542 0.9997
157 | 158 | 1.474 0.04930 0.36764 0.9997
158 | 159 | 1.474 0.04921 0.36961 0.9997
159 | 160 | 1.470 0.04911 0.37253 0.9997
160 | 161 | 1.478 0.04900 0.37306 0.9996
161 | 162 | 1.470 0.04888 0.37792 0.9996
162 | 163 | 1.470 0.04878 0.38024 0.9996
163 | 164 | 1.470 0.04868 0.38256 0.9996
164 | 165 | 1.470 0.04858 0.38488 0.9996
165 | 166 | 1.466 0.04847 0.38851 0.9996
166 | 167 | 1.470 0.04837 0.38952 0.9996
167 | 168 | 1.470 0.04827 0.39184 0.9995
168 | 169 | 1.474 0.04817 0.39282 0.9995
169 | 170 | 1.472 0.04807 0.39580 0.9995
170 | 171 | 1.462 0.04795 0.40151 0.9995
171 | 172 | 1.460 0.04784 0.40454 0.9995
172 | 173 | 1.464 0.04775 0.40550 0.9995
173 1174 | 1.470 0.04766 0.40576 0.9994
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174 | 175 | 1.460 0.04753 0.41156 0.9994
175 1176 | 1.458 0.04743 0.41460 0.9994
176 | 177 | 1.456 0.04732 0.41765 0.9994
177 | 178 | 1.464 0.04724 0.41716 0.9994
178 | 179 | 1.454 0.04711 0.42307 0.9994
179 | 180 | 1.452 0.04701 0.42614 0.9994
180 | 181 | 1.456 0.04691 0.42705 0.9993
181 | 182 | 1.452 0.04680 0.43086 0.9993
182 | 183 | 1.452 0.04670 0.43321 0.9993
183 | 184 | 1.450 0.04659 0.43631 0.9993
184 | 185 | 1.450 0.04649 0.43867 0.9993
185 | 186 | 1.452 0.04639 0.44028 0.9992
186 | 187 | 1.446 0.04628 0.44490 0.9992
187 | 188 | 1.448 0.04618 0.44651 0.9992
188 | 189 | 1.448 0.04608 0.44887 0.9992
189 | 190 | 1.446 0.04597 0.45201 0.9992
190 | 191 | 1.448 0.04587 0.45360 0.9991
191 | 192 | 1.448 0.04577 0.45597 0.9991
192 1193 | 1.444 0.04566 0.45990 0.9991
193 | 194 | 1.448 0.04557 0.46070 0.9991
194 |1 195 | 1.448 0.04546 0.46306 0.9991
195 | 196 | 1.454 0.04537 0.46306 0.9990
196 | 197 | 1.442 0.04525 0.47019 0.9990
197 | 198 | 1.442 0.04514 0.47256 0.9990
198 | 199 | 1.442 0.04504 0.47494 0.9990
199 1200 | 1.448 0.04495 0.47488 0.9990

T

in units of cm™ atm’!
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Ps» I}‘Li , Btci, and the correlation coefficient R from the fit of Eq. 5b for

R-branch transitions from J”=0 to 200 for CO, broadened by air at 296K.

rlr]op °,*1000" | Brer*10" R
1[0 ] 0992 -0.02931 -0.06293 | -1.0000
2 [1 | 099 -0.04248 -0.06708 | -1.0000
3 |2 | 099% 0.00560 -0.06812 | -1.0000
4 [3 | 099 0.09853 -0.06902 | -1.0000
5 |4 | 0988 0.16167 -0.07017 | -1.0000
6 |5 | 0988 0.17573 -0.07140 | -1.0000
7 16 | 0986 0.18050 -0.07304 | -1.0000
8 |7 | 0982 0.17204 -0.07506 | -1.0000
9 |8 | 0980 0.14911 -0.07721 | -1.0000
10 [9 | 0974 0.13615 -0.07983 | -1.0000
11 [10 | 0.968 0.12333 -0.08246 | -1.0000
12 [11 | 0964 0.12689 -0.08485 | -1.0000
13 [12 | 0.960 0.15839 -0.08718 | -1.0000
14_[13 | 0.956 0.18534 -0.8945 | -1.0000
15 [14 | 0952 0.19910 -0.09173 | -1.0000
16 [15 | 0.948 0.20796 -0.09396 | -1.0000
17_[16 | 0.948 0.18957 -0.09570 [ -0.9999
18 [17 | 0.946 0.19358 -0.09745 | -0.9999
19 [18 | 0.950 0.16874 -0.09848 | -0.9999
20 [19 | 0952 0.15465 -0.09950 | -1.0000
21 [20 | 0.954 0.14517 -0.10041 | -1.0000
22 21 | 0954 0.15698 -0.10146 | -1.0000
23 [22 | 0958 0.13609 -0.10201 | -1.0000
24 [23 | 0958 0.13957 -0.10286 | -1.0000
25 [24 | 0958 0.14027 -0.10361 | -1.0000
26 [25 | 0958 0.13166 -0.10422 | -1.0000
27 26 | 0.960 0.10762 -0.10456_| -1.0000
28 [27 | 0958 0.11965 -0.10524 | -1.0000
29 [28 | 0958 0.11697 -0.10565 | -1.0000
30 129 | 0.960 0.09882 -0.10576 | -1.0000
31 [30 | 0958 0.11239 -0.10624 | -1.0000
32 [31 | 0958 0.11619 -0.10650 | -1.0000
33 [32 | 0958 0.12495 -0.10680 | -1.0000
34 [33 | 0958 0.13633 -0.10712_| -1.0000
35 [34 | 0958 0.14388 -0.10739 | -1.0000
36 [35 | 0958 0.14434 -0.10762 | -1.0000
37 136 | 0.960 0.12497 -0.10757 | -1.0000
38 |37 | 0.960 0.11985 -0.10772 | -1.0000
39 [38 | 0958 0.13410 -0.10807 | -1.0000

27



40 |39 0.958 0.13178 -0.10820 -1.0000
41 |40 0.958 0.12389 -0.10827 -1.0000
42 141 0.958 0.12107 -0.10838 -1.0000
43 |42 0.956 0.13838 -0.10879 -1.0000
44 |43 0.958 0.12661 -0.10883 -1.0000
45 |44 0.956 0.14371 -0.10930 -1.0000
46 | 45 0.958 0.12504 -0.10930 -1.0000
47 |46 0.956 0.12769 -0.10968 -1.0000
48 | 47 0.956 0.11549 -0.10984 -1.0000
49 |48 0.954 0.12258 -0.11024 -1.0000
50 149 0.954 0.11411 -0.11044 -1.0000
51 |50 0.954 0.10344 -0.11062 -1.0000
52 |51 0.952 0.10719 -0.11102 -1.0000
53 |52 0.950 0.11428 -0.11149 -1.0000
54 |53 0.948 0.12596 -0.11207 -1.0000
55 |54 0.948 0.12280 -0.11246 -1.0000
56 |55 0.946 0.12821 -0.11303 -1.0000
57 |56 0.946 0.11308 -0.11333 -1.0000
58 |57 0.944 0.11330 -0.11385 -1.0000
59 |58 0.942 0.11817 -0.11440 -1.0000
60 |59 0.940 0.12729 -0.11498 -1.0000
61 |60 0.940 0.11548 -0.11530 -1.0000
62 |61 0.938 0.11642 -0.11582 -1.0000
63 |62 0.936 0.11715 -0.11640 -1.0000
64 |63 0.934 0.12181 -0.11710 -1.0000
65 |64 0.934 0.11546 -0.11767 -1.0000
66 | 65 0.932 0.12598 -0.11846 -1.0000
67 |66 0.932 0.11227 -0.11894 -1.0000
68 |67 0.928 0.12685 -0.11982 -1.0000
69 |68 0.928 0.11080 -0.12022 -1.0000
70 169 0.924 0.13080 -0.12112 -1.0000
71 |70 0.924 0.11632 -0.12158 -1.0000
72 |71 0.922 0.11508 -0.12224 -1.0000
73 |72 0.920 0.11126 -0.12289 -1.0000
74 |73 0.918 0.10932 -0.12362 -1.0000
75 |74 0.916 0.11612 -0.12449 -1.0000
76 |75 0.914 0.12769 -0.12543 -1.0000
77 |76 0.914 0.11964 -0.12608 -1.0000
78 |77 0.912 0.12623 -0.12689 -1.0000
79 |78 0.910 0.13152 -0.12764 -1.0000
80 |79 0.910 0.12279 -0.12816 -1.0000
81 |80 0.906 0.15216 -0.12923 -1.0000
82 |81 0.906 0.14203 -0.12978 -1.0000
83 |82 0.906 0.12769 -0.13030 -1.0000
84 |83 0.904 0.13035 -0.13108 -1.0000
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85 |84 0.902 0.13441 -0.13191 -1.0000
86 |85 0.902 0.12417 -0.13257 -1.0000
87 |86 0.900 0.13627 -0.13353 -1.0000
88 |87 0.900 0.12635 -0.13418 -1.0000
89 |88 0.896 0.15310 -0.13529 -1.0000
90 |89 0.896 0.14067 -0.13582 -1.0000
91 190 0.894 0.14707 -0.13659 -0.9999
92 |91 0.892 0.15208 -0.13737 -0.9999
93 192 0.890 0.15791 -0.13816 -0.9999
94 193 0.888 0.16183 -0.13895 -0.9999
95 194 0.886 0.16722 -0.13974 -0.9999
96 |95 0.884 0.17740 -0.14058 -0.9999
97 196 0.882 0.19078 -0.14146 -0.9999
98 |97 0.882 0.18669 -0.14211 -0.9999
99 |98 0.882 0.18376 -0.14276 -0.9999
100 | 99 0.880 0.20140 -0.14367 -0.9999
101 | 100 | 0.880 0.19637 -0.14425 -0.9999
102 | 101 | 0.880 0.18918 -0.14482 -0.9999
103 | 102 | 0.880 0.17963 -0.14538 -0.9999
104 | 103 | 0.878 0.19116 -0.14624 -0.9999
105 | 104 | 0.878 0.18216 -0.14683 -0.9999
106 | 105 | 0.876 0.19679 -0.14772 -0.9999
107 | 106 | 0.876 0.19069 -0.14831 -0.9999
108 | 107 | 0.874 0.20691 -0.14922 -0.9999
109 | 108 | 0.874 0.19980 -0.14982 -0.9999
110 | 109 | 0.874 0.19086 -0.15039 -0.9999
111 | 110 | 0.874 0.18060 -0.15094 -0.9999
112 | 111 | 0.872 0.19020 -0.15174 -0.9999
113 | 112 | 0.870 0.19812 -0.15252 -0.9999
114 | 113 | 0.868 0.20647 -0.15329 -0.9999
115 | 114 | 0.868 0.19299 -0.15377 -0.9999
116 | 115 | 0.866 0.20529 -0.15456 -0.9999
117 | 116 | 0.866 0.19742 -0.15506 -0.9999
118 | 117 | 0.864 0.21412 -0.15587 -0.9999
119 | 118 | 0.864 0.20864 -0.15639 -0.9999
120 | 119 | 0.862 0.22813 -0.15725 -0.9999
121 | 120 | 0.862 0.22527 -0.15783 -0.9999
122 | 121 | 0.862 0.22225 -0.15840 -0.9999
123 | 122 | 0.862 0.21736 -0.15893 -0.9999
124 | 123 | 0.862 0.20986 -0.15943 -0.9999
125 | 124 | 0.862 0.20089 -0.15991 -0.9999
126 | 125 | 0.862 0.19257 -0.16040 -0.9999
127 | 126 | 0.860 0.20943 -0.16122 -0.9999
128 | 127 | 0.860 0.20197 -0.16170 -0.9999
129 | 128 | 0.858 0.21743 -0.16247 -0.9999
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130 | 129 | 0.858 0.20539 -0.16289 -0.9999
131 | 130 | 0.856 0.21548 -0.16362 -0.9999
132 | 131 | 0.854 0.22550 -0.16435 -0.9999
133 | 132 | 0.854 0.21089 -0.16474 -0.9999
134 | 133 | 0.854 0.19623 -0.16512 -0.9999
135 | 134 | 0.852 0.20808 -0.16582 -0.9999
136 | 135 | 0.850 0.22072 -0.16652 -0.9999
137 | 136 | 0.848 0.23556 -0.16724 -0.9998
138 | 137 | 0.848 0.22740 -0.16765 -0.9998
139 | 138 | 0.846 0.24645 -0.16841 -0.9998
140 | 139 | 0.846 0.23946 -0.16882 -0.9998
141 | 140 | 0.846 0.23177 -0.16924 -0.9998
142 | 141 | 0.846 0.22300 -0.16965 -0.9998
143 | 142 | 0.846 0.21302 -0.17005 -0.9998
144 | 143 | 0.844 0.22862 -0.17079 -0.9998
145 | 144 | 0.844 0.21768 -0.17117 -0.9998
146 | 145 | 0.842 0.23201 -0.17189 -0.9998
147 | 146 | 0.842 0.22022 -0.17225 -0.9998
148 | 147 | 0.842 0.20809 -0.17260 -0.9998
149 | 148 | 0.840 0.22127 -0.17328 -0.9998
150 | 149 | 0.840 0.20567 -0.17358 -0.9998
151 | 150 | 0.838 0.21451 -0.17420 -0.9998
152 | 151 | 0.836 0.21986 -0.17479 -0.9998
153 | 152 | 0.836 0.19739 -0.17501 -0.9998
154 | 153 | 0.834 0.20248 -0.17560 -0.9997
155 | 154 | 0.834 0.18137 -0.17584 -0.9997
156 | 155 | 0.832 0.18876 -0.17645 -0.9997
157 | 156 | 0.830 0.19921 -0.17708 -0.9997
158 | 157 | 0.830 0.18274 -0.17736 -0.9997
159 | 158 | 0.828 0.19693 -0.17803 -0.9997
160 | 159 | 0.826 0.21294 -0.17873 -0.9997
161 | 160 | 0.826 0.20186 -0.17908 -0.9997
162 | 161 | 0.824 0.20284 -0.17962 -0.9997
163 | 162 | 0.822 0.21392 -0.18026 -0.9997
164 | 163 | 0.822 0.19669 -0.18054 -0.9996
165 | 164 | 0.820 0.20801 -0.18119 -0.9996
166 | 165 | 0.820 0.19084 -0.18146 -0.9996
167 | 166 | 0.818 0.20244 -0.18212 -0.9996
168 | 167 | 0.816 0.21428 -0.18277 -0.9996
169 | 168 | 0.816 0.19719 -0.18305 -0.9996
170 | 169 | 0.814 0.20929 -0.18371 -0.9996
171 | 170 | 0.814 0.19227 -0.18399 -0.9995
172 | 171 | 0.812 0.20462 -0.18465 -0.9995
173 | 172 | 0.812 0.18765 -0.18492 -0.9995
174 | 173 | 0.810 0.20030 -0.18559 -0.9995
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175 | 174 | 0.808 0.21317 -0.18626 -0.9995
176 | 175 | 0.806 0.22626 -0.18692 -0.9995
177 | 176 | 0.806 0.20944 -0.18721 -0.9995
178 | 177 | 0.806 0.19262 -0.18749 -0.9995
179 | 178 | 0.804 0.20605 -0.18816 -0.9994
180 | 179 | 0.804 0.18928 -0.18844 -0.9994
181 | 180 | 0.802 0.20298 -0.18912 -0.9994
182 | 181 | 0.800 0.21692 -0.18980 -0.9994
183 | 182 | 0.800 0.20027 -0.19008 -0.9994
184 | 183 | 0.798 0.21448 -0.19076 -0.9994
185 | 184 | 0.798 0.19788 -0.19104 -0.9994
186 | 185 | 0.796 0.21239 -0.19173 -0.9993
187 | 186 | 0.794 0.22712 -0.19242 -0.9993
188 | 187 | 0.794 0.21063 -0.19270 -0.9993
189 | 188 | 0.792 0.22566 -0.19339 -0.9993
190 | 189 | 0.792 0.20922 -0.19368 -0.9993
191 | 190 | 0.792 0.19278 -0.19397 -0.9993
192 | 191 | 0.790 0.20815 -0.19466 -0.9992
193 | 192 | 0.788 0.22376 -0.19536 -0.9992
194 | 193 | 0.788 0.20743 -0.19564 -0.9992
195 | 194 | 0.786 0.22334 -0.19635 -0.9992
196 | 195 | 0.784 0.23948 -0.19705 -0.9992
197 | 196 | 0.784 0.22327 -0.19734 -0.9991
198 | 197 | 0.784 0.20705 -0.19763 -0.9991
199 | 198 | 0.782 0.22356 -0.19833 -0.9991
200 | 199 | 0.780 0.24030 -0.19904 -0.9991
201 | 200 | 0.780 0.22420 -0.19933 -0.9991

T

in units of cm™ atm’
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Figures

1

Predicted half-widths (top panel), line shifts (middle panel), and
temperature dependence of the half-width in the range 200-350 K (bottom
panel) versus m for the 30012<€00001 band of CO, with air as the buffer
gas. See text for description.

Fits of Eq. 5a to the calculated data for the half-widths of the P16 and
P116 transition at 296 K for the CO»-air collision system. See text for

description.

Fits of Eq. 5b to the calculated data for the line shifts of the P16 and

P116transition at 296 K for the CO,-air collision system. See text for

description.
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