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line shift are made for some 4000 transitions in the v3 band of methane with N,, O,, and air as the per-
turbing gases. This work focuses on A and F symmetry transitions in the spectral range 2726 to
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perature dependence of the half-width. The calculations are compared with measurements. These data
are to support remote sensing of the Earth and Titan atmospheres.
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1. Introduction

The Earth system is complex with many cause-and-effect rela-
tionships between land, ocean, and atmosphere. Methane, like
CO,, is present in the terrestrial atmosphere in trace amounts,
but these two greenhouse gases are thought to be major drivers
of climate change and global warming. There is evidence linking
surface temperature changes to greenhouse gas concentrations
[1,2] and there is growing evidence that climate can change much
faster than previously thought [3,4]. To understand these processes
and predict the future condition of the atmosphere, scientists uti-
lize global climate models, for which the concentrations of the
greenhouse gases are part of the input. The role of the gases in
determining climate is complex and depends on many variables.
As such, these climate models must be validated through accurate
measurements. Various spectroscopic instruments such as those in
orbit [5-15] provide these on a global scale providing much
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needed data for models [16]. In addition, a number of balloon-
borne and ground-based instruments [17-24] provide data on a lo-
cal scale. In this work the focus is on methane, for which the vibra-
tion-rotation bands between 9 and 1.6 pm are commonly used to
monitor concentrations. A major component in the error budget
of atmospheric retrievals for methane in the lower troposphere
arise from the poor accuracies of the pressure-broadening
coefficients.

In addition to the terrestrial atmosphere, methane is also a min-
or constituent of the atmospheres of other outer planets and Titan,
a satellite of Saturn. Nitrogen-broadening of methane is important
since the atmosphere of Titan is 90% N, with CH,4 being the second
most abundant molecule. The Composite Infrared Spectrometer
(CIRS) onboard the Cassini orbiter of the Cassini-Huygens mission
to Saturn and Titan has measured the composition profile of meth-
ane on Titan [25,26] as well as the temperature profile using the v4
lines of methane. The CIRS instrument also measured methane on
Jupiter [27] during a pass by on its voyage to Saturn.

The interpretation of remote sensing measurements, the retrie-
val of temperature and concentration profiles, and the study of
radiative properties of the atmosphere from these remote sensed
data are modeled using the absorption coefficients of atmospheric
gases. The absorption coefficients, in turn, can be determined from
knowledge of spectral parameters of the gases present. Of the
spectral parameters, the half-widths and line shifts are the least


mailto:Robert_Gamache@uml.edu
http://www.sciencedirect.com/science/journal/00222852
http://www.elsevier.com/locate/jms

B.K. Antony et al./Journal of Molecular Spectroscopy 251 (2008) 268-281 269

well-known [28]. A precise knowledge of the spectral parameters
of methane is very important for the infrared transmission and
radiance calculations of these atmospheres. This would eventually
help to correctly model the radiative forcing for climate models.

The main source of spectroscopic line parameters for methane
is the HITRAN database. The 2004 HITRAN database [29] contains
some 251440 methane transitions. Table 1 lists the vibration-rota-
tion bands of '>CH, between 9 and 1.6 pm with the sum of line
intensities greater than x 1072° cm~!/(molecule cm~2). Given in
the table are the band, the number of transitions, the band center
incm™!, the wavenumber range, and the sum of the intensities.
There are over 100000 transitions in this list. While it is not prac-
tical to measure or calculate the line parameters for all transitions,
data are needed at least for the strong vibrational bands. The scope
of the work needed to provide the widths and shifts of methane
transition has been defined by Brown et al. [30,31].

Here, we focus on the region 2726-3200 cm™!, which still con-
tains over 25000 transitions for >CH,. The dominant band in this
region is the v; band centered at 3018 cm™~'. The question of lines
from weaker bands contributing in particular channels must be
considered carefully. We also note that algorithms to solve the
radiative transfer equations often utilize transitions +25 cm~! from
the edges of the channels. This paper presents calculations for 4120
v3 transitions in this region.

There have been numerous half-width measurements for tran-
sitions of '2CH, with N, [24,32-49] 0,, [32,42,44,45,48,49] air
[32,36,38,40,42,43,45,50-53], CH, [32,34,36,39,44,48,49,54-60],
and other molecules/atoms [32,33,37,39,41,42,44,46-48,54,56,
58,61] as the buffer gas. These data are summarized in Table 2.
From these studies insight has been gained on the dependence of
the half-width and line shift on a number of variables. The vibra-
tional dependence of the half-width [40,44,45,51-53,58,60] has
been found to be small. In an early study, Pine [44] reports that
“within experimental error. . .there appears to be little or no vibra-
tional, branch, or carbon isotope dependence to the infrared broad-
enings of methane.” Later studies [45,53,60] found the vibrational
dependence of the half-width to be of order a few percent for low |
lines, but can be of order 20% for high J lines. Predoi-Cross et al.
[53,60] also found that bands with only the F2 vibration symmetry
had similar widths at lower J” but became noticeably different by
J” =10. However, the bands with more vibrational components like
v1 + v (F1 + F2) had different patterns in the widths and v3 + v4 had
no pattern at all. If the average values are considered, the differ-
ences are generally less than 5%. Some studies have focused on
the dependence of the half-width on the rotational quantum num-
ber, J’, [40,44,45,51-53,60] and branch label, P, Q or R,

Table 1

[40,45,46,51-53,60]. They report that the half-widths decrease
with J” but there is no simple propensity rule to describe the
behavior and the branch dependence is small; of order a few per-
cent. A number of these studies [40,44-46,51-53,59-61] have con-
sidered the dependence on the symmetry of the transition, A, E and
F. In general the F-symmetry transitions are the largest and the E-
symmetry are the smallest, however Predoi-Cross et al. [53] found
this not to be true for the vs +v4 and the v, + v3 bands, and Devi
et al. [51] found all three symmetry level transitions have almost
the same average pressure-broadening coefficient. Pine et al.
[44,46,47] considered the dependence on various line shape mod-
els (a few percent difference (see also Mondelain et al. [24])) and
on the order index N, which, for lines of the same AJ, J’, C but
different N, the widths are slightly different and they shows a de-
crease for F-symmetry transitions and an increase for E-symmetry
transitions. Finally a number of these studies have considered the
dependence on the perturbing molecule/atom [38,40,44-48,61]
and have calculated the ratio of the half-width for the same ro-
vibrational transition for different broadening species. Pine et al.
[44,46-48] report the ratios as being somewhat constant, indicat-
ing that predictions for other perturbers can be obtained once
the ratio of one transition is known.

Less study of the line shift has been done, in part due to the dif-
ficulty of these measurements. Still the studies of air [40,42,43,
45,51-53], N, [42-48], O, [44,45,48], Self [44,48,54,57,60], and
other atom/molecule [42,44,46-48,54,61] pressure induced shifts
of methane amount to several thousand transitions for some 10
different vibrational bands (see Table 2). The shifts demonstrate
a marked dependence on vibrational band. From the studies made
the results indicate that most of the shifts are negative and transi-
tion dependent.

The temperature dependence of the half-width has been con-
sidered in a number of studies [24,34,35,39,41-43,50,52]. These
measurements are summarized in Table 3. An early study [50]
based on three lines suggested a temperature dependence that var-
ied with the symmetry (A or F) of the transition. However, later
studies involving many more transitions [43,52] show much vari-
ation and overlap of the temperature exponents for A-, E-, and F-
symmetry transitions. The later studies found the smallest values
of n occurred for E-symmetry lines and that lines with large half-
widths also have large n values. Smith et al. [43] also comment that
the scatter among values for the same symmetry species for a sin-
gle m (branch-J label) represent real differences between transi-
tions involving different sublevels. In a study of approximately
370 transitions Devi et al. [52] state the variation of n with the
branch-/ label m is not so apparent. Their results indicate a similar

Vibration-rotation bands of >CH, between 9 and 1.6 ym with the sum of line intensities greater than x 1072° cm~!/(molecule cm1)

Band No. of lines Band center (cm™') Omin (cm™1) Omax (cm 1) > line intensities
v — 8933 928.620 1676.111 3.76 x 10720
vq — 8S 5303 1310.7606 943.985 1640.788 5.09 x 10718
vy — 88 3246 1533.3367 1302.815 1845.791 5.38 x 10~2°
2v4 — 8S 6700 2612 2097.844 3229.470 549 x 1072
vyt vy —gS 9291 2830 2455.981 3276.448 372 x 10°1°
2v; — 85 3590 3062 2703.282 3476.183 3.17 x 1020
v3 — 8S 6183 3018.9205 2706.564 3277.552 1.08 x 10717
v3+vg —vg 3126 3010 2828.821 3274.337 532 x 1072
Vot vz — o 2053 3010 2836.583 3159.447 1.13 x 1072°
3y, —gs 8631 3354.842 4459.426 3.27 x 102
Vo + 214 — g8 11614 3712.594 4735223 341 x 10720
Unassigned 3274 3841.018 6184.492 7.48 x 1072
vitvg—gS 3184 4223.497 3873.714 4507.039 2.53 x 10°1°
V3 +vg— g5 11247 4340 3960.814 4608.955 475 % 10719
2vp + vy — 85 9676 4011.160 4727.670 242 x 1072
vy +v3 —gs 6910 4540. 4310.318 4809.453 7.17 x 1072
2v3 — gS 144 6004.991 5891.065 6106.284 5.97 x 102
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Table 2

Measurements of half-widths and line shifts of methane transitions

Ref. Perturbing gases Parameters No. of lines Range cm™! J Band

[55] Self y 1 2947.88 21 V2 + Vg

[54] Self, Xe ) 1 — 7 V3

[57] Self 7,0 27 9080-9130 0-7 3vs

[56] Self, H, y 4 — 0-4 2v3

[32] Ha, He, Ny, O,, air y 10 3036-3185 1-16 v3, 2v3

[58] Self, H,, He y 9 1207-1322 1-20 V4

[50] Air v and Tdep 3 — 0-2 V3

[36] Self, Ny, air y 5 1586-1590 4 V2

[34] Self, N y and Tdep 7 2870-2883 14 v3, v2 +va

[35] N, y and Tdep 77 1299-1354 - V4

[38] Air, N, y 25 1256-1348 0-11 Vg

[37] N, H,, He y 7 9030-9120 0-6 3vs

[39] Self, N, Hy, He y and Tdep 2 6196.83 and 6818.84 A - 6vq, 5v3

[59] Self y 61 1310-1370 0-12 Vg

[40] Air, N, y 294 1168-1678 0-18 V4V

[33] Ar, He, Hy, N, 7 9 — 1-6 3vs

[61] Ar 7,8 118 1228-1371 0-12 Vg

[41] Ha, Ny, Ar, He y and Tdep 11 1270-1316 0-9 V4

[42] He, Ne, Ar, H, N, O,, air y and Tdep, ¢ and Tdep 6 1332-1348 4-7 V4

[43] Air, N, y and Tdep, 5 and Tdep 148 1210-1371 0-12 Va4

[44] Self, N3, O,, Ha, Ar, He 7,8 66 3012-3018 1-13 v3

[51] Air 7, 0 270 4138-4600 0-11 v1+vg, v3+vg, vt 3
[45] Air, Ny, O, 7,8 ~450 2842-3061 0-17 v3,v2 + v4, 214, 2v4,

[52] Air y and Tdep, 6 and Tdep ~740 4118-4615 0-12 V1 + Vg, V3 + v, Vo 3
[46] N, Ar 7,8 102 2916-3123 0-10 v3

[47] N,, Ar 7,0 102 2917-3028 0-10 v3

[48] H,, He, Ny, O,, Ar, self 7,8 66 3012-3019 1-13 v3

[49] Self, N3, O, 7,8 4 2914-2922 4-7 V2 + Vg

[60] Self y 1423 4100-4635 0-16 Vo + 2vg, Vi F Vg, V3 F Vg, 2v0 + Vg, Vo + V3
[53] Air 7y 1011 4100-4635 0-16 vy + 2vg, V1 + Vg, V3 + Vg, 2v3 + Vg, V2 V3
[24] N, y 4 2926-2928 9 v3

Table 3

Measurements of temperature dependence of half-widths and line shifts

Reference Parameter Perturbing gas No. of lines Temperature range (K) Band
[50] y Air 3 200-300 v3

[35] y N, 77 153-200 V4

[34] y Self, N, 5 215-297 v3, v+ vg
[39] y Self, N, Hy, He 2 77-295 6vq, 5v3
[41] y Ha, N, He, Ar 6 130-295 Vg

[42] 7,6 He, Ne, Ar, H,, Ny, O, air 6 161-295 V4

[43] 7,0 Air, N, 148 210-314 V4

[52] ) Air 370 212-97 V1 + Vg, V3t Vg, Vo V3
[24] y N, 4 90-96 v3

situation for n with respect to vibrational dependence but n does
seem to be symmetry dependent.

For the perturbing gases of interest here, N, O, and air, the
measured range of the temperature exponents is ~1.1 to 0.37
and ~0.88 to 0.15 for air- and N,-broadening, respectively. For
0,-broadening there are not as many measurements but where
there are the O,- and N,-broadening results are similar. A number
of the studies that considered a number of perturbing gases
[39,41,42] found n to vary considerably as a function of the per-
turbing gas. Most of these studies used the power law form of
the temperature dependence of the half-width (see Eq. (10) below).
Mondelain et al. [24] also fit their results in In-In space by a second
order polynomial and noted improved results.

Despite the number of experiments performed to determine the
line shape parameters for several thousands of methane transitions
broadened by air, nitrogen, oxygen, CHy, and other perturbing mol-
ecules/atoms, parameters for many thousands of other transitions
are still unknown. A theoretical model with adequate accuracy will
be valuable to complement the experimental endeavors. Presently
we have used the mean-relative thermal velocity approximation to

the complex Robert-Bonamy (CRB) formalism [62,63] to determine
the line shape parameters, half-width and line shift, for methane
transitions. The CRB formalism has been very successful in predict-
ing the half-width and line shift for self- and foreign-broadened
spectral lines of many molecular systems [64-70]. For this work,
calculations for N,- and O,-broadened half-width and line shift
for 4120 methane transitions in the spectral region of 2706-
3200 cm~! at temperatures 225 and 296 K were made. Air-broad-
ening of methane is obtained from the N,- and O,-broadening cal-
culations. From these calculations the temperature dependence of
the half-width was determined. We have compared the results
with available experimental values.

2. Theory
2.1. General theory
The complex implementation of the Robert-Bonamy formalism

[62] has been used to determine the pressure broadened half-
width and line shift for methane transitions. Further details on
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the theory and its derivations may be obtained from [63,71,72] and
references therein. In this article we have presented only the nec-
essary equations and the salient features of the method. The pres-
ent approach yields the half-width and line shift for a ro-
vibrational transition f+« i given by the real and imaginary part
of the expression,

(- i)y =5 ([1 e

where, 1, is the number density of perturbers and (...),, is the
average over all trajectories (with impact parameter b) and initial
rotational state J, of the collision partner. Note that Eq. (1) is the
mean relative thermal velocity approximation (MRTV) to the CRB
formalism. The real S; and complex S, ="FS,+i'S, are the first-
and second-order terms in the expansion of the scattering matrix.
S: and S, depend on the ro-vibrational states (and the associated
collision-induced transitions between these levels), the intermo-
lecular potential and the collision dynamics involved. The com-
plete expressions for these terms are explicitly defined in Refs.
[62,63,71,72].

Several important features have been incorporated in the pres-
ent CRB formalism; (i) the imaginary components have been re-
tained, (ii) the elimination of the cut-off procedure, (iii) and the
better modeling of close collisions. In many applications of the the-
ory the imaginary parts are not used and only the approximate
half-width calculated. Here the S; and 'S, terms are retained and
the half-width and line shift are determined from a single calcula-
tion. The cut-off procedure adopted by earlier theories [73,74] was
eliminated by the use of linked-cluster techniques [75]. The close
intermolecular collisions (small b) are now better defined by (a)
the dynamics, which is second order in time producing curved tra-
jectories based on the isotropic part of the intermolecular poten-
tial, and (b) the short-range (Lennard-Jones) atom-atom
potential, which is an important component for a proper descrip-
tion of pressure broadening, especially in the case of weekly inter-
acting molecules [64].

Rsz(f,ijz.v.b)e—i[’sl(f.,i.jz‘v,b)#sz (fj‘lz,v.b)w > 1)
bJ,

2.2. The potential

The term Sy, a purely imaginary part of Eq. (1), is isotropic in the
absence of any vibrational dependence of the anisotropic intermo-
lecular forces. It has the label of the vibrational dephasing term and
arises only for transitions where there is a change in the vibrational
state. The potential leading to S; is given in terms of the London
dispersion interactions given as,

3 I] 12 o102

dispersion __
Viso T 2L+L RS @)

where «, and I, are the polarizability and ionization potential of the
radiator (k = 1) and perturber (k = 2). The vibrational dependence of
the polarizability, oy, is given by Raynes et al. [76] (in a.u.) as,

=09+ by (3)
i
with v; the number of quanta in the nth normal mode and the coef-

ficients b; = 0.189, b, = 0.124, b; = 0.333 and b4 = 0.080 (all in units
of a3).

Table 4
Molecular constants for methane, nitrogen and oxygen

271

The complex valued S, = RS, +i'S, results from the anisotropic
interaction potential with leading electrostatic components and
atom-atom terms. The atom-atom potential is defined as the
sum of pairwise Lennard-Jones (6-12) [77] interactions between
atoms of the radiating and perturbing molecules given by,

at—at 12 ‘76
1% Z Z 4 - — (4)

112] 1i2j

where n and m are the number of atoms in molecules 1 and 2 and
the subscripts 1i and 2j stands for the ith atom of molecule 1 and jth
atom of molecule 2, respectively. The ¢; and ¢ are the Lennard-
Jones parameters for the atomic pairs. The heteronuclear atom-
atom parameters are constructed from the homonuclear atom-
atom parameters (¢ and g;) by the combination rules of Hirschfelder
et al. [78] or Good and Hope [79]. The atom-atom distance r;; is ex-
pressed as an expansion of the inverse of center of mass separation,
R given by Sack [80]. As this expansion is truncated, sufficient order
must be taken to ensure the convergence of calculated half-widths
and line shifts [81] (more on this below).

The reduced matrix elements are evaluated using the interact-
ing band wavefunctions described below. These wavefunctions
are more accurate than the previously used isolated band wave-
functions [64], particularly at high J where the states from different
bands are often overlapping. The wavefunctions are complete up to
J =30, enabling us to study methane transitions up to J = 28.

Most of the molecular parameters used here for the system are
well known and we have used the best available values from the
literature. The multipole moments, rotational constants, polariz-
ability and ionization potential (IP) employed here are tabulated
in Table 4.

2.3. Energies and wavefunctions for methane

The eigenfunctions for methane were calculated using the tetra-
hedral formalism adapted to rotation-vibration quantum states of
spherical top molecules [82,83]. Whatever the vibrational states of
interest, these functions are obtained from a numerical diagonal-
ization of an effective Hamiltonian. The matrix elements of this
Hamiltonian between symmetry adapted basis functions are de-
rived using standard tensorial techniques. Any wavefunction may
be written

U,CNo) = Zugfcﬂv}cvug ng; Co; {v},Cy; CN) (5)

where J is the total angular momentum (of g parity in the full rota-
tion group) and C is the symmetry species. C = Ay, Ay, E, F1, or F, in
the Ty point symmetry group. N is the order index and numbers the
eigenstates at fixed polyad, | and symmetry species in increasing
energy order. ¢ stands for one of the components for a given sym-
metry species, if the dimension of C is greater than one. Energies
are always degenerate with respect to . U is the unitary transfor-
mation that diagonalizes the Hamiltonian, while n, and C; are indi-
ces for rotational basis functions and {v} and C, are indices for
vibrational ones. Coupled rotation-vibration basis functions are of
C symmetry. {v} contains the set of vibrational indices that identi-
fies a given polyad. In short, polyads are groups of vibrational states

Mol Multipole moments Rotational constant (cm™!) Polarizability (1072 cm?) IP (eV)

CH, Q=26 x 1034 esu cm® [100] 12.598 [101]
0=4.8 x 107*? esu cm* [102]

N, 0,,=—1.3 x 1072% esu cm? [103] 2.007 [104] 17.4 [105] 15.576 [106]

0, 0,, = —0.4 x 102 esu cm? [107] 1.438 [104] 15.8 [105] 12.063 [101]
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arising from the near degeneracy between the four vibrational
fundamentals,

01~ 20y ~ 03 ~ 204 (6)

Thus, when calculating energies and eigenstates, an effective Ham-
iltonian is built for each polyad. It is effective in the sense that a
contact transformation has been applied to the initial Hamiltonian
to make it block diagonal with respect to polyads. In order of
increasing wavenumbers, the lowest polyads are the ground state,
denoted Py, the dyad {v,, v4}, denoted P; and the pentad {vq, 2v,
vy + V4, v3, 2v4}, denoted P,. The present study is concerned with
Py and P,. The eigenvalues and the eigenfunctions for the effective
Hamiltonians were calculated up to J=30. We describe below
how these symmetry-adapted wavefunctions were subsequently
expressed in the classical basis, related to the O(3) full rotation
group, for further use in line-broadening calculations.

2.3.1. The ground vibrational state of methane

The Hamiltonian model for this state is developed up to order 6,
which means that symmetry allowed rotational operators are
developed up to power 8 in the individual components of the angu-
lar momentum. Wavefunctions are expressed in a classical basis
through the use of the G unitary transformation [84] that applies
to the rotational basis functions,

UeniCror) = > UGy I K) (7)
K

In the ground state, the vibrational coupling is trivial, thus C=C;
and ¢ =g In the function |J,K), the second projection number is
omitted. In angular coordinate representation, this function is pro-
portional to a Wigner matrix element.

2.3.2. The v state of methane

The eigenstates were calculated for this vibrational state using a
Hamiltonian model where all symmetry allowed vibrational cou-
plings are accounted for (pentad scheme). The development orders
are 6 for the ground states, 6 for the dyad (up to power 2 in ele-
mentary vibrational operators related to v, and v4, and power 6
for rotational operators) and 4 for the pentad (up to powers 2, 3
or 4 in elementary vibrational operators, and powers 2, 3 or 4 for
rotational operators). This procedure is known to be more accurate
than calculating eigenstates for the v; state alone (isolated band
scheme). For instance, an isolated band model for v; may be appro-
priate for low ] values, say J < 10. At higher J values, energy levels
from neighboring vibrational states begin to cross each other,
and the accuracy of the isolated band model degrades rapidly. As
a consequence, the eigenfunctions for v are developed on basis
functions related not only to vs itself, but also on basis functions
for other vibrational states in the same polyad. Nevertheless, the
v3 wavefunctions can be considered to belong to the v3 vibrational
states at 80 % or more, from inspection of the numerical results. In
order to express these functions with classical notations, only the
parts of the eigenfunctions that develop upon vs basis functions
are kept. Obviously, these modified functions are re-normalized
after truncation. Then, a basis transformation is done using the K
isoscalar factors for the chain of groups O(3) > T, [82] to extract
the so-called R-pure rotational quantum number. This is done by
introducing the A3 =1 vibrational angular momentum (u parity in
the O(3) group) associated to vs. After this step, the basis functions
are expressed in the |R,Kg) classical basis, KR being the projection
number of the R momentum, using the G unitary transformation
again. These basis transformations are written as

i mes G (v} FasCo) = 37 KUto) (®0GSSC [(],.1,). Ry, Ke).

R.ng Kg

(8)

In the function |(Jg, 1.) Ry Kg), the second projection number is
omitted again since the basis transformation acts only in the mole-
cule fixed frame.

2.3.3. Matrix elements calculations

The above wavefunctions have been used to calculate the ma-
trix elements of the angular operators appearing in the anisotropic
parts of the intermolecular potential. Operators for the close dis-
tance (atom-atom) potential and the electrostatic one are the
same. In classical notations, these operators are labeled by a tenso-
rial rank, 4, in the rotation group and the associated projection
number k. Matrix elements are obtained with standard techniques
based on the Wigner-Eckart theorem. Expressions for these ele-
ments were given previously [64]. In using strictly classical nota-
tions related to rotation groups, all non-vanishing matrix
elements would need to be calculated. We note, however, that in
the T, point group, the particular combinations of angular opera-
tors for methane may be labeled with symmetries A; or A,
[85,86]. This property arises from the fact that A, E, and F type
states of methane do not mix through collisional processes. Thus,
the amount of matrix elements to be calculated can be restricted
to the only relevant ones, that is, for A type, E type, or F type states
but not between states of different types.

3. Calculations

In this work we focus on the strongest band (i.e. the v3 band) in
the region cited above. The data for the band were extracted from
the 2004 HITRAN database [29]. In the present work it is found that
convergence of the atom-atom part of the intermolecular potential
is obtained at 12th order for transitions involving A and F symme-
tries. However, for E-symmetry transitions the results show that
the calculations are not converged even at 14th order of expansion.
Since it is the current limit of the codes, results for E-symmetry
transitions are not reported here. This problem is currently being
investigated. From the remaining A- and F-symmetry transitions
we were able to make calculations for 524 A-symmetry transitions
and 3596 F-symmetry transitions. The present calculations do not
take into account any line-coupling effects. However, Predoi-Cross
et al. [87], in a study of the v, + v3 band of methane, state the addi-
tion of line mixing in the multispectral fit changed half-widths by a
small amount (0.5%) and changed line shifts (both self- and air-
shifts) by 7-20%.

Preliminary calculations: It is known that the combination rules
used to determine the atom-atom parameters are suspect and the
resulting coefficients have large uncertainty [79]. An initial calcu-
lation of the 52 A- and F-symmetry transitions for which Pine
[44] made N,- and O,-broadening measurements was done yield-
ing —8.8% and 15.0% difference, respectively, between calculations
and measurement. To adjust the atom-atom parameters six tran-
sitions (1 A- and 5 F-species) and five F-symmetry transitions
were chosen for N;- and O,-broadening, respectively, such that
adjusting the atom-atom coefficients for these lines would re-
scale the average difference with Pine’s 1992 measurements
[44] to near zero; these transitions are shown in Table 5. The ini-
tial and final atom-atom parameters are shown in Table 6. With
these parameters the average percent difference when comparing
with Pine’s data are 0.15 and —2.1 for N,- and O,-broadening,
respectively.

Calculations of half-widths and line shifts were performed using
the mean relative thermal velocity approximation to the CRB for-
malism for the CH4—N, and CH4-0, systems for the A- and F-sym-
metry transitions in the v3 band at 296 and 225 K. The atom-atom
potential is expanded to 12th order and the imaginary components
(i.e. a complex calculation) are used.
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Table 5
Transitions used to adjust atom-atom coefficients

N,-broadening

2F18—2F21
9A111+—9A21
10F138—10F2 3
11F242—11F13
12F247 —12F13
12F145—12F22

0,-broadening

8F130—~8F21
9F234—9F12
10F137 —10F22
10F239—10F11
12F146 —12F2 3

Table 6
Initial and final atom-atom parameters
Pair e/kg (K) a/(A)

Initial Final Initial Final
H-N 20.50 20.50 3.00 2.85
C-N 34.30 32.59 345 345
H-0 24.15 2415 2.84 2.70
Cc-0 40.43 38.01 3.28 3.02

For air-broadening of methane, the half-width and line shift
were obtained assuming binary collisions and Dalton’s law,

Vair = 0~79VN2 + 0.21}'02 (9)
and
Gair = 0-795N2 + 0.2]502.

Egs. (9) are used to find the air-broadened half-width and shift at
both temperatures. From the data at each temperature, the temper-
ature dependence of the half-width is determined by the power law
model,

i =[] (10

where Ty was set to 296 K and n is called the temperature exponent.

4. Results and discussion

The calculations provide the half-width, line shift, and temper-
ature dependence of the half-width for N,-, O,-, and air-broaden-
ing of v3 transitions of methane with J <28 in the 2726- to
3200-cm~! spectral range. Wherever possible the calculations are
compared with measurement. The dependence of the half-width
on the rotational quantum numbers and on temperature are also
discussed. The analysis was carried out for N,-, O,-, and air-broad-
ening of the methane transitions.

4.1. Dependence of the half-width and line shift on rotational states

Calculations of the half-width and line shift provide data for 524
A-symmetry transitions and 3596 F-symmetry transitions in the v3
band with J < 28. Table 7 presents the range of values for the half-
width, line shift, and temperature dependence of the half-width
(temperature exponent) for N,-, O,-, and air-broadening of meth-
ane. There are several interesting facts that come from this table.
These data show that the oxygen-broadened half-widths are simi-

lar to the nitrogen-broadened half-widths, in fact the minimum
0,-broadening values is greater than the minimum N,-broadening
value. This fact was first pointed out to one of the authors (R.R.G.)
by Devi [88] in 1988. The later publication [89] showed that the
oxygen-broadened values are sometimes larger than the nitro-
gen-broadened values. Note, the work of Devi et al. was for transi-
tions in the v3 band of the carbon-13 isotopolog of methane,
however that should not have a great effect (a few percent) on
the half-widths. Here, the half-widths range from small values of
0.017 cm~!atm™! to roughly 0.065cm~'atm~!. There is not a
great amount of variation in the magnitude of the half-width as
a function of the perturbing molecules studied here. The large dif-
ference in the quadrupole moments of N, and O, suggests that the
CH4-N; and CH4-0, collision systems are not dominated by the
electrostatic part of the intermolecular potential. This fact was
proved by Neshyba et al. [64] in a theoretical study of transitions
in the v3 band of methane broadened by N,. In their work they
showed that the atom-atom part of the intermolecular potential
is dominant, giving results an order of magnitude larger than the
electrostatic potential calculation, which explains why early
Anderson-Tsao-Curnutte-type calculations [90] needed to scale
the electrostatic moments of methane to get reasonable results.

The data were analyzed for structure with respect to quantities
describing the transitions. The rotational states of methane are de-
scribed by the rotational quantum number J, the symmetry, and
the counting (order) index, N [31]. In Fig. 1 the air-broadened
half-width is plotted versus J” for Q- (top panel), R- (middle panel),
and P-branch (bottom panel) transitions. F-symmetry transitions
(solid triangles) are plotted at J” and A-symmetry transitions (open
circles) are shifted to J” + 0.3 to make identification easier. First,
there does not seem to be a great difference in the half-widths as
a function of the branch or as a function of the symmetry of the
transition. As J” increases, the number of states increases allowing
more transitions for a given J”. The plot shows that as J” increases
the spread in the values of the half-width for a given J” increases
dramatically; at J”=10 the spread is roughly from 0.05 to
0.06 cm~! atm™! and by J” = 28 the spread is from just under 0.02
to about 0.055 cm~! atm~!. CH4-air, CH4—Ns, and CH4-0, are not
molecular pairs where resonant collisions dominate. Thus, the
small values seen in the plot indicate that for many transitions
off-resonance effects will be important.

Because of the large number of methane transitions, scientists
often must attempt to predict half-widths for transitions from
half-widths of lines with different symmetry, perturbing species,
quantum numbers, etc. Fig. 1 shows that A- and F-symmetry tran-
sitions appear similar. Is it possible to predict half-widths for A-/F-
species transitions from F-/A-species transitions with the same
quantum numbers? To address this question the calculated data
for N,-broadening were taken and ratios of A-symmetry transition
divided by the corresponding F-symmetry transition were calcu-
lated. The pairs of lines are chosen such that the upper and lower
rotational quantum numbers are the same, the A1 symmetry is
paired with the F1 symmetry and the A2 symmetry is paired with
the F2 symmetry, the lower order index values are the same.
Because the allowed order index for A- and F-symmetry states
are quite different, the pairs were created from the minimum N
and for the maximum N’ of each symmetry species. For example
the line JJAIN,,, < J"A2N" is paired with J'FIN,,, < J"F2N". The

min

Table 7

Minimum and maximum values of the half-width, line shift, and temperature dependence of the half-width (temperature exponent) for N,-, O,-, and air-broadening of methane
Perturber Ymin (cm~! atm™") Ymax (cm~! atm™") Semin (cm~! atm™1) Smax (cm~! atm 1) Mmin TMmax

N, 0.0169 0.0657 —0.0208 0.0009 —0.546 0.759
0, 0.0251 0.0606 —0.0194 —0.0004 —0.047 0.752
Air 0.0186 0.0646 —0.0205 0.0006 —0.398 0.757
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Fig. 1. Calculated air-broadened half-widths of CH, versus J”. (Top) Q-branch lines, (middle) R-branch lines, (bottom) P-branch lines, F-symmetry transitions are solid delta
symbols and A-symmetry transitions are open circles. A-symmetry points are plotted at J” + 0.3.

ratios are plotted versus J” for Q-branch (top panel), R-branch
(middle panel), and P-branch (bottom panel) lines in Fig. 2. In
the figure, open circles correspond to C" = A1 transitions and solid
triangles to " = A2 transitions. For J” less than 10 the ratios are
close to one but the spread increases as J” increases. The values
range from 0.44 to 2.1, thus one should be cautious applying such
an algorithm, especially to intermediate to high J lines.

Another approach might be to use half-widths of the transi-
tions of the same overall symmetry species to predict the other,
i.e. " =A1 to predict (" = A2, etc. Using the data for N,-broaden-
ing of CH4 transitions were paired as JAIN « J”A2N" is paired
with JA2N' « J’”AIN" with a similar pairing for F-symmetry tran-
sitions. The ratios of the half-widths are plotted in Fig. 3 versus
branch symbol m, where m =J" + 0.5 for Q-branch lines, m =J" for
R-branch lines, and m = —J” for P-branch lines. For m small the
ratio is near 1, however as m increases the spread in the ratios
increases greatly. The range in the ratios is from 0.4 to 2.5. Again
caution should be used applying such an algorithm to lines with
J’ > 10.

The large spread as J” increases is related to the increased num-
ber of states that a given lower state can connect to. The spread
suggest the upper state interactions affect the calculations. To test
the effect of the upper states on the calculation, we randomly
looked through the N,-broadening data file and selected the 15
F1 1 lower state. This lower state is involved in transitions to 32
upper states; eleven 14 F2 states, ten 15 F2 states, and eleven 16
F2 states. Fig. 4 shows the half-width versus the order index for
the upper state with R-branch lines as solid squares, Q-branch lines
as open circles, and P-branch lines as solid delta symbols. The
range of half-width values is from about 0.039 to
0.058 cm~ ! atm~'. Note, independent of branch, there is not a
smooth variation of the half-width as a function of the order index.
Thus the knowledge of the half-width for a transition will not pro-

vide a good prediction of the half-width for a transition with the
same J”, J', symmetry, N” but different N'.

One other approach that is commonly used to predict half-
widths for methane transitions is to scale as a function of perturb-
ing molecule [24]. Using the CRB calculated N5-, O,-, and air-broad-
ened files, the ratios y(0,)/y(N;) and y(air)/y(N,) were determined.
The ratio y(03)/y(N3) is plotted versus m in Fig. 5 where the solid
triangles are F-species lines and open circles are A-species lines.
The m values of the A-species lines are also shifted up in magnitude
by 0.3 to make identification of the symmetry easier. Pine [44] re-
ports the y(0,)/y(N,) ratio to be 0.937 + 0.015 from his measure-
ments (up to J” =13). For J” < 13 the calculations give a ratio of
0.976 £ 0.022. The ratios from the CRB calculations range from
0.92 for m near 0 to 1.5 for m near 28. This plot shows that the
y(0,) values are larger than the corresponding y(N,) values when
J" is greater than about 15. The case for the ratios y(air)/y(N;) ver-
sus m shows that the ratio range from 0.98 at m small to 1.1 for m
large. Thus scaling from N,-broadened half-widths to air-broad-
ened half-widths (or vise versa) should be good to ~10%. One
should be cautious applying such algorithms for other perturbing
molecules and for states with J” > 10.

Table 7 shows the line shifts go from a minimum value
of ~ —002cm'atm™! to small positive values of
0.0009 cm ! atm ! except for the O,-pressure-induced line shifts,
which are all negative. Fig. 6 is a plot of the air-induced line shift
versus J”, the open circle symbols are for A-symmetry transitions
and solid A symbols are for the F-symmetry transitions. The A-
symmetry transitions are shifted in m by 0.3 to make identification
easier. The air-induced line shift data were fit to a straight line giv-
ing d.; (cm™'atm™')=-0.1262 x 1073 J" — 0.6451 x 1072, The
correlation coefficient of the fit is —0.4366. This line is shown in
Fig. 6. The spread about this line does not become great until
J’ > 20 where it then becomes substantial. The figure shows that al-
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most all the line shifts are negative. Devi et al. [89] also noted that
over 95% of their measured line shifts were negative.

4.2. Temperature dependence of the half-width
The solution of the radiative transfer equations for the propaga-

tion through the Earth’s atmosphere requires that the spectral
parameters be known for layers of the atmosphere at different

temperatures and pressures. Thus, the knowledge of the tempera-
ture dependence of the half-width is essential. Chu et al. [91] have
studied the effect of changing the temperature exponent on re-
trieved mixing ratios of water vapor. They find that changing n
from 0.5 to 0.7 results in roughly a 4% change in the mixing ratio
at 10 km. It has also been demonstrated that temperature expo-
nents averaged as a function of J” or fit by polynomials in the rota-
tional quantum numbers do not give reliable predictions for all
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transitions [92,93]. Thus there is a need to know the temperature
exponent for many transitions.

As stated earlier, most of the studies that measured the tem-
perature dependence of the half-width used the power-law mod-
el, Eq. (10). However, for certain types of radiator-perturber
interactions the power law model is being questioned. Wagner
et al. [94] have shown that for certain transitions of water vapor
perturbed by air, N, or O, the power law does not correctly mod-
el the temperature dependence of the half-width. This fact was
also demonstrated by Toth et al. [95] in a study of air-broadening
of water vapor transitions in the region from 696 to 2163 cm™.
In both studies it was found that the temperature exponent, n,
can be negative for many transitions. In such cases the power
law, Eq. (10), is not valid. The mechanism leading to negative
temperature exponents was discussed by Wagner et al. [94], by
Antony et al. [69], and by Hartmann et al. [96] and is called the
resonance overtaking effect.

Here the half-width has been calculated for N,- and O,-broad-
ening of 4120 A- and F-symmetry transitions in the vs band at

296 and 225 K. The air-broadened half-width and line shifts were
calculated at each temperature using Eq. (9). From these data the
temperature exponent of the half-width was determined for each
transition for each perturbing gas using Eq. (10). It is thought that
Eq. (10) works quite well for ranges in which temperatures vary by
only 50-100 K when the major contributions to the half-widths are
from the Re(S;) terms. The model may becomes less valid for large
temperature ranges, so one should be cautious in applying Eq. (10)
in combustion studies for example. A “rule-of-thumb” expression
for the temperature exponent has been given by Birnbaum [97]
where the change in the half-width is proportional to T-(™*/2m,
For an “octapole-quadrupole” system, such as CH4—N; or CH4-0,,
m =10 and the temperature exponent should be 0.7. Here, the val-
ues range from a high of around 0.76 to a low of —0.55 (see Table
7). In Fig. 7 the temperature exponents for air-broadening of CH,
are plotted versus J” for Q-branch (top panel), R-branch (middle pa-
nel), and P-branch (bottom panel) transitions. The F-symmetry
transitions are the solid delta symbols and the A-symmetry transi-
tions are the open circle symbols, which are shifted by 0.3 in the
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branch.

x-direction. There appears to be little difference between the
branches. The average temperature exponent is 0.57, 0.63, and
0.58 for the Q-, R-, and P-branch transitions, respectively, close to
the “rule-of-thumb” value. However, there is considerable spread
in the plot and many values are small and some are negative.
The studies of Wagner et al. [94] and Antony et al. [69] indicate
caution should be exercised when using Eq. (10) for the collision
systems studied here. The fact that many values of the temperature

exponent are small or negative suggests that the temperature
dependence should be examined more closely. The results of
Mondelain et al. [24] also suggest the power law model may not
be the best for methane. Here, the values were determined by
two points, hence the correlation coefficient of the fit to Eq. (10)
could not be made. The fits should be redone with many points
to address the validity of the power law. This work is in
progress.
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Table 8
Comparison of measured half-widths with CRB calculations for vs transitions of
methane

System Measurement No. of Average percent Standard
lines different deviation (%)

CH4-N, [44] 52 0.15 49

[45] 85 -4.6 14.7

[46] 80 -24 49

[47] 82 -0.84 6.4

[48] 52 -1.3 4.7

[24] 4 -2.8 3.9
CH4-0, [44] 52 -21 4.7

[45] 72 -4.0 11.2
CHy-air [50] 3 1.5 -

[45] 131 -3.0 134

4.3. Comparison with measurement

The calculations of the half-widths for the A- and F-symmetry v3
transitions of CH4 at 296 K made here were compared to the corre-
sponding N,-, O,-, and air-broadening measurements [24,34,44-
48,50]. Note that Refs. [44,46-48] are measurements of the same
lines with different line shape models. Below we compare with
each but in the comparison with all measurements in the v3 band
we exclude the data from Refs. [47,48] and when only a few lines
were measured [34,50]. Table 8 gives the average percent differ-
ence and standard deviation between the CRB calculations and
measurement for vs lines considered in this study. There are a good
number of measurements of N-broadening of v3 transitions of
methane. Here we are able to compare with 221 transitions giving
a —2.7 percent difference with a standard deviation of 10.0. If we
look at the data of Pine without various line shape models the per-
cent difference between measurement and the CRB calculations is
—0.15 [44] and —2.4 [46], both with a standard deviation of 4.9. In
Fig. 8 the measured N,-broadened half-widths and the CRB calcu-
lated half-widths are plotted versus m. The measurements are Ref.
[44] A-species solid circle, F-species open circle, [46] A-species so-
lid square, F-species open square, [45] A-species solid delta symbol,
F-species open delta symbol, and [24] A-species solid star symbol,
F-species open star symbol. It is apparent that there is some spread

in the measurements. The calculations appear to track the mea-
surements fairly well. In Fig. 9 the percent difference between
the CRB calculations and the Nj- [44,46] and the O,-broadening
[44] data of Pine are plotted versus m. A-symmetry lines are the
open circles and F-symmetry lines are the solid delta symbol. We
note in the figure that more A-symmetry lines have negative per-
cent differences whereas the F-symmetry lines are more evenly
distributed between plus and minus.

Table 9 gives the average ratio of the measured line shift di-
vided by the calculated line shift for N,-, O,-, and air-broadening
of v3 transitions of methane. In all cases the ratios are below 1,
indicating the calculations are too large in magnitude. In the calcu-
lations the line shift is strongly dependent on the vibrational
dependence of the polarizability. Here the ab initio values of Ray-
nes et al. [76] have been used, which come from a calculation of
the polarizability surface using a Hartree-Fock wavefunction. It is
clear that the calculations would benefit from adjusting this
parameter to match the measurements.

The calculated temperature dependence of the half-width can
be compared with the measurements of Varanasi [50] (three lines),
Devi et al. [34] (three lines), and Mondelain [24] (four lines). These
comparisons are presented in Table 10. In all but the R(0) line mea-
sured by Varanasi the calculated values are smaller than the mea-
sured values. The calculations presented here are the mean-
relative thermal velocity approximation to the CRB equations. It
has been shown in the case of water vapor [94] and ozone [98] that
the velocity integral form of the CRB equations gives better results
for the temperature dependence of the half-width. This will be a
topic of a future study.

5. Conclusions

Calculations of the pressure-broadened half-width, the pressure
induced line shift, and the temperature dependence of the half-
width have been made for nitrogen-, oxygen-, and air-broadening
of v5 transitions of CH, in the 2726 to 3200 cm~! region of the
spectrum. The calculations were made at two temperatures, 225
and 296 K, and for rotational states with J < 28. Because of limita-
tions in the current codes only A- and F symmetry transitions were
considered. Calculations were made for 4120 A- and F- symmetry
transitions in this region. The final list of transitions is comprised
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Table 9
Comparison of measured line shifts with CRB calculations for vs transitions of
methane

System Measurement No. of lines AVE(Sexp/dcrp)
CH,4-N, [44] 52 0.69
[45] 85 0.59
CH4=N, [46] 80 0.75
[47] 82 0.77
(48] 52 0.71
CH4-0, [44] 52 0.76
[45] 72 0.70
CHy-air [45] 131 0.66
Table 10

Comparison of measured temperature dependence of the half-width with CRB
calculations for v3 transitions of methane

Ref. Perturber Transition TNexp NcrB
[50] Air 1A23—0A11 0.62 0.737
2FR210—1F11 1.0 0.742
3F113—2F21 1.0 0.748
[34] N, 13A219—14A11 0.995(17) 0.515
13F253—14F11 0.975(32) 0.527
13F154—14FR22 0.944(30) 0.495
[24] N, 8A112—-9A21 0.836(35) 0.689
8F132—9F22 0.841(14) 0.689
8F233—9F13 0.858(12) 0.689
8A210—9A11 0.839(35) 0.695

of 524 A-symmetry transitions and 3596 F-symmetry transitions.
The calculations did not take into account any line coupling effects.

From the calculations the temperature dependence of the nitro-
gen-, oxygen-, and air-broadened half-widths were determined.

The CRB results for the half-widths compared with measure-
ments of Pine [44,46] give reasonable percent differences and stan-
dard deviations. However, Mondelain et al. [24] have
demonstrated that retrievals of methane volume mixing ratios
from balloon spectra made using slightly different line shape
parameters show noticeable effects. Some researchers [99] are dis-
mayed at the state of methane-broadening parameters with the
HITRAN database having measurements for a few thousand transi-
tions and bad estimates (+20%) for the remaining 480000 transi-
tions [31]. Thus our calculations are not yet at the level desired
by all researchers for terrestrial atmospheric applications but cer-
tainly are an improvement of the estimated values. The accuracies
needed for Titan remote sensing are less stringent (5-10%) and the
CH4-N; calculations presented here meet that criterion. The com-
parisons for the line shifts were not as good. This may be due in
part to the magnitude of the parameter as well as the uncertainty
in the parameters used in the calculation (vibrational-dependence
of the polarizability of methane and the atom-atom coefficients).

While the agreement with the measured data of Pine gives good
statistics (see above) the differences vary between roughly +10%
with a few stray points. The fact that the calculations cannot yet
be done for E-symmetry transitions is also of concern. In the future
we will investigate the form of intermolecular potential used in the
calculations and the parameters used with emphasis on reducing
the spread in the agreement with Pine and being able to compute
E-symmetry transitions as well. We also have wavefunctions for v,4
states, which will allow us to consider vibration dependence of the
half-widths and line shifts from calculations of v3 and v4 transi-
tions. When this is accomplished the calculations can be extended
to other broadening species such as H, and He.
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The final air-broadened data file was given to Dr. Larry Rothman
to be merged with the measured half-widths for addition to the HI-
TRAN database. From the measurements cited above it would seem
reasonable to replace the estimated half-widths on HITRAN with
the calculated ones independent of vibrational band and
isotopolog.

Files and plots for all perturbers considered here are available
from one of the authors (R.R.G., http://faculty.uml.edu/Robert_Gam-
ache) and the data files are available as supplementary files.
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