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ABSTRACT

Lorentz self- and air-broadened half width and pressure-induced shift coefficients and
their dependences on temperature have been measured from laboratory absorption
spectra for nearly 130 transitions in the v, band of ?CH,. In addition line mixing
coefficients (using the relaxation matrix element formalism) for both self- and air-
broadening were experimentally determined for the first time for a small number of
transitions in this band. Accurate line positions and absolute line intensities were also
determined. These parameters were obtained by analyzing high-resolution (~0.003 to
0.01 cm~ 1) laboratory spectra of high-purity natural CH, and air-broadened CH, recorded
at temperatures between 226 and 297 K using the McMath-Pierce Fourier transform
spectrometer (FTS) located at the National Solar Observatory on Kitt Peak, Arizona.
A multispectrum nonlinear least squares technique was used to fit short (5-15cm™~")
spectral intervals in 24-29 spectra simultaneously. Parameters were determined for v,
transitions up to J”=16. The variations of the measured broadening and shift parameters
with the rotational quantum number index and tetrahedral symmetry species are
examined. The present results are also compared with previous measurements available
in the literature.

Published by Elsevier Ltd.

1. Introduction

infrared inactive v, fundamental band appear in the
infrared because of the Coriolis interaction with the v4

Accurate knowledge of pressure-broadened half width
and pressure-induced line shift coefficients of methane is
very important for the interpretation and modeling of
infrared spectroscopic observations in many remote sen-
sing studies involving the terrestrial and planetary atmo-
spheres. In addition to measurements of these coefficients
at room temperature, low temperature measurements of
the same parameters are needed to aid in interpreting
measurements of Earth's upper atmosphere and the atmo-
spheres of other planets. The transitions of the normally
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band. With sufficient optical densities in the spectra these
transitions acquire enough strength to be measured and
interpreted. Along with the v4 band, the v, band has some
importance in radiative transfer calculations of planetary
atmospheres having high concentrations of methane (e.g.,
the giant planets and Saturn's moon Titan), and accurate
knowledge of spectroscopic parameters of the v, transi-
tions will improve these calculations.

Pressure broadening coefficients in the infrared spectra
of methane have been the subject of numerous experi-
mental and theoretical studies. Numerous transitions in
several methane bands with different broadening gases
(such as CHy, air, Ar, N, O5) have been studied during the
past few decades (see Refs. [1-9] and the references cited
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therein). The number of laboratory studies focusing on
pressure-induced shift coefficients has been limited in the
past because (1) pressure-induced shifts of methane, being
much smaller than the line widths, were thought to not
significantly affect remote sensing retrievals and (2) the
measurement of pressure-induced shifts requires accurate
calibration of numerous laboratory spectra to the same
wavenumber scale. However, in recent years the pressure-
induced shift coefficients in several different methane
bands have been investigated with high precision and
accuracy due to the development of high-resolution
recording instruments such as Fourier transform spectro-
meter (FTS), tunable diode laser spectrometers, and differ-
ence frequency laser spectrometers and the availability of
sophisticated analysis techniques (see Refs. [1-6,10-13]).
Information on line shape parameters including speed
dependence and line mixing is also becoming available
as advanced analysis techniques are applied to high-
resolution, high signal-to-noise spectra [11,12,14-16].
However, most of the previous studies of methane line
broadening and shift parameters have focused on the
stronger fundamental bands such as v4 and vs.

For transitions in the v, '>CH,4 band, the first high-
resolution experimental values of self-, air- and N,-broa-
dened Lorentz half width and pressure-induced shift
coefficients were reported for five transitions measured
with a tunable diode laser by Malathy Devi et al. [17]. Later
measurements with Fourier transform spectrometers
resulted in air- and N,-broadened Lorentz half width and
pressure-induced shift coefficients for 47 transitions [18]
and helium and argon-broadened half width coefficients
for about 100 transitions [19]. All of these measurements
were made at room temperature. Several recent studies
[20-22] have examined line mixing in the fundamental
bands, including v, [20], using experimental spectra at
pressures of tens to hundreds of atmospheres, and mea-
surements of line mixing at terrestrial atmospheric pres-
sures have been reported in the v, bands of '2CH, [1,2] and
13CH,4 [3] and in the v3 [6,11,23-26] and v, +v3 [16] bands
of '?CH,.

In this article we report measurements of line posi-
tions, absolute line intensities and self- and air-broadened

Table 1

half width coefficients and pressure-induced shift coeffi-
cients for 154 transitions in the '>CH,4 v, band. This work
includes the first experimental determination of tempera-
ture dependences of most of these half widths and shifts
over the range from 226 to 297 K. We also report experi-
mentally determined off-diagonal relaxation matrix ele-
ment (ORME) coefficients for line mixing between 10 pairs
of transitions in this band. For brevity in the following
discussion of this paper, we will use the acronym ORME for
off-diagonal relaxation matrix element(s).

2. Experiment and data retrievals

The 29 spectra used in the present analysis of the 2CH, v,
band are a subset of the larger group of 64 spectra used for
the determination of air- and self-broadening, shift, and line
mixing parameters in the stronger v4 band of 2CH, [1,2] and
in the v, band of 3CH, [3]. All of the spectra were recorded
using the one-meter McMath-Pierce Fourier transform
spectrometer at the National Solar Observatory (NSO) on
Kitt Peak, Arizona. For the analysis of the v, band, which is
much weaker than the v4, we selected only those spectra in
which the v, signal was significant, ie., those with larger
volume mixing ratios or longer path lengths. Thus the data
set of air-broadened spectra includes four spectra recorded
with a 1.5 m stainless steel cell [18] and about 3% volume
mixing ratio at room temperature (~297 K), as well as 15
low-temperature spectra recorded with the 50-cm coolable
cell [27] and methane-air volume mixing ratios between 16%
and 35%. For safety, the maximum total sample pressures for
both air-broadening and self-broadening were kept below
local atmospheric pressure (~650 Torr). The lowest gas
sample temperatures were about 226 K for self-broadening
and 233 K for air-broadening. The experimental conditions of
the spectra analyzed in this work are listed in Table 1.

The experimental procedures for recording the spectra
have been described in detail previously [1,2,18,27], and they
are briefly summarized here. The unapodized resolutions of
the spectra were ~0.003-0.01 cm~ . Research-grade natural
methane samples and commercially-supplied dry air were
used to record the self-broadened and the air-broadened

Summary of experimental conditions of the CH, spectra used to fit the v, transitions.

Temperature (K) Gas mixture CH4 volume mixing ratio Path (m) Pressure range (Torr) Number of spectra
295.8 CH4 1 1.50 118 1
297.4-297.5 CH, in air 0.0272-0.0275 1.50 199.6-425.0 4
292.4 CHy4 1 0.50 11.0 1¢
293.5-295.9 CHy in air 0.16-0.30 0.50 140.2-520.1 5P
272.5 CH4 1 0.50 301.0 1
272.4-272.5 CH4 in air 0.33 0.50 177.0-452.8 3
253.9-254.4 CHy 1.0 0.50 209.0-645.0 3
253.8 CHy in air 0.304 0.50 229.1-509.2 2
240.7-240.8 CHy in air 0.30-0.35 0.50 99.2-328.2 3
232.7-232.8 CHy4 1.0 0.50 128.5-370.5 3
232.6 CHy in air 0.31 0.50 418.6 2
2259 CH4 1.0 0.50 643.0 1

Note: 760 Torr=1 atm=101.325 kPa.
2 Temperature erroneously listed as 254.0 K in Refs. [1-3].

b Temperature range erroneously listed as 252.9-250.5 K in Refs. [1-3].
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Fig. 1. (a) Methane spectrum in the v, spectral region. The spectrum
shown is self-broadened with ~305 Torr of pure natural methane at
233.2 K in a 50-cm absorption cell. (b) A short spectral interval 5 cm™!
wide from (a) around 1457 cm~ ! is re-plotted to illustrate the presence of
water vapor v, band transitions (marked with an *). The dashed
horizontal line in each panel corresponds to 100% absorption.

spectra. Gas sample pressures and temperatures were con-
tinuously monitored during the 1 to 1.5-h recording period
for each spectrum using thermistor probes or thermocouples
attached to the outside cell walls. The source of radiation was
a glower operating at 110 V. Two optical filters (CaF, and
InAs), a KCl beam splitter, and helium-cooled As:Si detectors
were used in the experimental set up. The useful wavenumber
coverage of each spectrum was approximately 800-2800
cm~ L. Signal to noise ratios in some of the spectra were as
high as 1000:1 in the region of the 2CH, v, band.

A methane spectrum covering the entire v, band is
displayed in Fig. 1(a). The spectrum was obtained using the
50-cm coolable cell containing 305 Torr of a pure natural-
abundance methane sample at 233.2 K. In the lower panel
(b) a short interval around 1457 cm~' from the same
spectrum is expanded to illustrate the presence of strong
water vapor v, band lines that appear along with the
methane absorption features in most of the spectra analyzed.
These transitions arise from residual water vapor in the
“evacuated” spectrometer tank that encloses the FTS and also
from the nitrogen-purged segments of the optical path
outside the sample cell between the glower source and the
entrance aperture of the FTS. Interference from these water
vapor lines posed great difficulties in fitting the spectra
simultaneously. In order to fit all the spectra at the same
time, the amount of water present in each spectrum had to

be known precisely. The different amounts of water absorp-
tion from one spectrum to another, together with the fact
that the amount of water in the optical path also slightly
varied during the recording of each spectrum, made it
difficult to achieve good fits of spectral regions containing
these water vapor transitions.

Details about the calibration of the wavenumber scales
of the spectra have been given in several previous papers
[1,18,27]. Briefly, the calibration correction factor applied
to each spectrum was determined from averaging the
differences in measured positions of at least 20 v, water
vapor transitions relative to those reported in Ref. [28].
With this calibration method we estimate that the abso-
lute accuracies for the measured line positions of isolated
CH,4 v, transitions are within +0.0001 cm™ 1.

As in our recent analyses of air- and self-broadened
spectra in the v, bands of >)CH, and '>CH, [1-3], an inter-
active multispectrum nonlinear least squares technique
[10] was used to fit short spectral intervals (5-15cm™ ')
of 24-29 spectra simultaneously, depending upon the
spectral region. The relationships between the air- and
self-broadened half width and pressure-induced shift
coefficients and their temperature dependences, and the
terminology used in our multispectrum nonlinear least
squares fitting algorithm are given in Refs. [1-3]. Egs. (1)-(3)
are repeated here for the convenience of the reader.

. To]™
bup.T) =p x [B@inpo,To) x (1) x | 7]

+b{self)po, To) < [P | M
v=uo+p x [8°(air) x (1—y)+38°(self) x z] )
(T)=8%To)+8 x (T—To) 3)

In Eq. (1) by, (p, T) is the Lorentz half width (in cm~!) of
the spectral line at pressure p and temperature T, and
bf(Gas)(po, To) is the Lorentz half width coefficient of the
line at the reference pressure py (1 atm) and temperature
To (296 K) of the broadening gas (either air or methane),
and y is the ratio of the partial pressure of methane to the
total sample pressure in the cell. The temperature depen-
dence exponents of the pressure-broadened half width
coefficients (air- and self-) are represented by n; and ns,
respectively. In Eq. (2), vg is the zero-pressure line position
(incm~1), v is the line position (in cm~!) corresponding to
the pressure p and temperature T, 5% Gas) is the pressure-
induced shift coefficient in cm~" atm "' at T, and  has the
same meaning as in Eq. (1). In Eq. (3) &' represents the
temperature dependence of the pressure-induced shift
coefficients, and 8°(T) and 5%(T,) represent the pressure-
induced shift coefficients (in cm~! atm~!) at temperatures
T and Ty (296 K), respectively.

As in our previous analyses of the v, bands of >CH4 and
BCH, [1-3], initial values for all line parameters (e.g.,
positions, intensities, lower state energies, half width
coefficients) were taken from the HITRANO4 database
[29]. Initial values of self-shift coefficients were set to
zero. Similarly, initial values of the temperature depen-
dence exponents of self-broadened half width coefficients
were assumed to be 0.7 for all transitions. The air- and
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self-shift coefficients of all unmeasured transitions were
fixed to —0.002cm~'atm~! at T (T=temperature of the
sample). The temperature dependence exponents of air- and
self-broadened half width coefficients for all unmeasured lines
were held fixed to the default value of 0.7. An initial estimate
of zero was assumed for & for both air- and self-shift
coefficients. The temperature dependence coefficients of air-
and self-shifts for transitions whose parameters were not
adjusted in the least squares fits remained fixed at zero.

A modified Voigt line shape that included speed
dependence ([6] and references cited therein) and line
mixing (via the full relaxation matrix formulation [30])
was used to retrieve the various line parameters. The
optical densities of the spectra available for the present
analysis were not high enough to measure the line mixing
coefficients in many of the P- and R-manifolds of the v,
band. However, in some cases it was necessary to include
line mixing to fit the data to the noise level. Since the total
pressures of nearly all of our spectra (see Table 1) were
higher than the pressure range typically used for high-
precision laboratory studies of collisional narrowing in
methane (e.g., Refs. [23,26,31-33]), we expected any colli-
sional narrowing to be masked by Lorentzian pressure
broadening [23]. Initial test fits showed that solving for
speed dependence or Dicke narrowing parameters in the
data analysis did not improve the fit residuals significantly
in any spectral interval of the v, band, and therefore these
parameters could not be uniquely determined from our set
of FTS spectra. Therefore, the final broadening, shift, and
line mixing parameters were determined with the speed
dependence and Dicke narrowing parameters held fixed to
default values of zero. In the multispectrum fitting proce-
dure, in addition to the various spectral line parameters
that were adjusted during the least squares solutions,
spectral backgrounds (including some channel spectra),
zero transmission levels, residual FTS phase errors and FTS
instrument line shapes were also modeled appropriately
[1,18,34].

Examples of two fitted intervals where line mixing was
not required to fit the data well within the noise level, and
one interval where inclusion of line mixing was necessary,
are shown in Figs. 2-4. In all three figures, the red curves
represent self-broadened methane spectra, the blue curves
denote air-broadened spectra, and tick marks at the top of
the uppermost panel indicate the positions of all lines
included in the fits.

Fig. 2 shows the observed spectra and weighted resi-
duals from a simultaneous fit of 28 air- and self-broadened
methane spectra in the P(8) manifold. Five transitions in
the v, P(8) manifold are seen in this interval from 1452.3
to 1454.2 cm~ !, which also includes the R(9) F2 7<F1 1
transition of the v, band (marked with an asterisk). This
interval could be fit with all 28 spectra using the standard
Voigt line shape without line mixing.

Fig. 3 shows a simultaneous fit of air- and self-
broadened spectra in the v, R(7) manifold, where the
transition strengths are comparable to those in the P(8)
manifold. All 29 experimental spectra are shown in the top
panel (a); the weighted fit residuals with the standard
Voigt profile are shown in middle panel (b); and in the
bottom panel (c) the weighted residuals resulting from
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Fig. 2. Multispectrum fit of 28 self- and air-broadened methane spectra
in the P(8) manifold. (a) Observed spectra. Tick marks at the top of the
panel indicate the positions of all spectral lines included in the fit, and
identifications are given for methane lines for which parameters were
determined in the fits. (b) Weighted residuals of the fit using the
standard Voigt line shape. In both panels, red curves indicate self-
broadened spectra and blue curves indicate air-broadened spectra. No
line mixing was necessary to fit all of the spectra to their noise levels. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

including line mixing (Voigt profile with ORME) in the
multispectrum fit are plotted. The residuals shown in the
lower panels of Fig. 3 indicate that in this case it was
necessary to include line mixing in order to fit the
observed spectra to their noise levels. The ORME for
mixing between the R(7) F2 9<F1 2 and F1 9«F2 2
transitions was determined from this fit.

In Fig. 4 we show a multispectrum fit of 26 air- and self-
broadened spectra in a high-J manifold, P(14). The transi-
tions in this region are weaker than those in the mid-J
manifolds shown in the two previous figures. The strong
overlap of the P(14) lines in most of the pressure-
broadened spectra is obvious in the top panel (a); without
the multispectrum fitting technique it would not have
been possible to fit some of these spectra. Although there
are two pairs of F-species P(14) transitions that could be
involved in mixing, it was not necessary to include line
mixing to fit all 26 spectra within their noise levels. A
weak v, water vapor transition overlaps the methane v, P
(14) manifold. For reasons explained earlier, this water line
could not be fit very well. However, this situation does not
affect the overall fit of methane transitions. A methane vy
transition, R(6) E 3«<E 1, indicated with an asterisk in the
figure, also appears in this spectral interval.
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Fig. 3. Multispectrum fit of 29 self- and air-broadened methane spectra
in the R(7) region. (a) Observed spectra. (b) Weighted residuals of the fit
using the standard Voigt line shape with no modification. (c) Weighted
residuals of the fit with Voigt line shape modified with the full relaxation
matrix formulation for line mixing. The meaning of the tick marks and
colored curves is the same as in Fig. 2. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)

3. Results and discussion

The results from the present analysis are listed in
Table 2. An ASCII text version of this table is available as
a Supplemental file. The first few columns in Table 2 list
the upper and lower state vibrational quantum numbers of
each transition, followed by the measured line positions,
absolute line intensities, pressure-broadened half width
coefficients, their temperature dependence exponents,
pressure-induced shift coefficients and their temperature
dependence coefficients. The uncertainties associated with
each of the measured parameters are also listed next to the
appropriate quantities. In the case of line intensities the
measurement uncertainties are given in percent, whereas
for other parameters, the errors are given in the units of
the measured value in parentheses following the mea-
sured values. In all cases, the uncertainties correspond to
one sigma standard deviation in the measured quantities
in the last quoted digit(s). For each transition the results
for self-broadened widths and self-shift coefficients and
their temperature dependences are listed below the cor-
responding values for air broadening. Shift coefficients and
their temperature dependences are presented only for
those transitions for which the corresponding widths
and temperature dependences were also determined.
Complete sets of air- and self-broadened widths, shifts and
temperature dependences were retrieved for 127 of the 154
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Fig. 4. Multispectrum fit of 26 self- and air-broadened methane spectra
in the P(14) manifold. (a) Observed spectra. (b) Weighted residuals of the
fit using the standard Voigt line shape. No line mixing was necessary to
fit this region to the noise levels of the spectra. The R(6) E-transition of
the v4 band is marked with an asterisk, and a contaminant water vapor
transition near 1411.5cm~' is also marked. The meaning of the tick
marks and colored curves is the same as in Figs. 2 and 3. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

transitions listed in Table 2. Missing parameters are generally
associated with weak or blended lines.

As discussed in Ref. [1] the estimation of absolute
uncertainties due to errors in the measurement of experi-
mental conditions, errors in the line parameters assumed
for unmeasured transitions, and other factors, is not trivial.
Nevertheless, we estimate that the absolute uncertainties
in our measured parameters for v, are comparable to those
for vs [1,2]; 1% for half width coefficients, 10-15% for
pressure-induced shift coefficients, 10% for n; and n,, and
20-50% for the temperature dependence coefficients of
the pressure-induced shifts (§’), added to the statistical
uncertainties listed in Table 2. The statistical uncertainties
in the measured width coefficients are less than 1% for
the strong unblended lines and less than 10% for most of
the weaker high J transitions. Statistical uncertainties for
the other measured v, parameters (shifts, temperature
dependences) are somewhat larger.

Although the major thrust of the present analysis was
to derive accurate values for pressure-broadened half
width and shift coefficients and their temperature depen-
dences, we were also able to retrieve accurate values of
line positions and intensities. Positions and intensities
obtained for '2CH,4 v, lines in this study are in excellent
agreement with values listed in the HITRANO4 [29], the
HITRANOS [35] and the HITRAN 2012 [9,36] databases. For
the 154 lines whose measurements are reported in this



Table 2
Measured spectral line parameters for air- and self-broadening in the methane v, band sorted by Iml.
im Al T C n J (el n”  Position® Intensity®” % unc Broadening gas Width© Width temp dependence  Shift® Shift temp dependence®
3 R F1 4 2 F2 1 1565.48185(3) 6.251E-23 0.08 Air 0.0700(2) 1.02(2) —0.00148(25) +0.000004(7)
Self 0.0692(1) 0.71(1) —0.00264(13) —0.000006(3)
3 R E 3 2 E 1 1565.82257(4) 3.596E-23 0.10 Air 0.0735(3) 1.06(3) —0.00292(37) —0.000003(10)
Self 0.0739(1) 0.70(1) —0.00195(17) +0.000031(3)
3 P F2 3 3 F1 1 1502.23987(8) 1.486E-23 0.30 Air 0.0719(7) 0.97(7) —0.00640(77) +0.000017(21)
Self 0.0710(3) 0.74(2) —0.00654(34) -+0.000016(7)
3 P F1 3 3 F2 1 1502.60757(2) 7.369E-23 0.08 Air 0.0684(2) 0.95(2) —0.00350(18) +0.000021(5)
Self 0.0706(1) 0.62(1) —0.00523(12) +0.000012(2)
3 P Al 2 3 A2 1 1502.82425(2) 2.419E-22 0.07 Air 0.0722(1) 1.02(1) —0.00231(14) -+0.000013(4)
Self 0.0770(2) 0.59(1) —0.00400(14) -+0.000008(3)
4 R 4 F1 5 3 F2 1 1576.77372(2) 9.683E-23 0.09 Air 0.0658(1) 0.99(1) —0.00131(16) +0.000002(4)
Self 0.0713(1) 0.60(1) —0.00127(14) +0.000015(3)
4 R 4 F2 5 3 F1 1 1577.00596(3) 7.392E-23 0.09 Air 0.0720(2) 0.95(2) —0.00701(20) -+0.000013(5)
Self 0.0742(1) 0.65(1 ) —0.00473(14) -+0.000042(3)
4 R 4 F2 6 3 F1 1 1578.05555(7) 2.046E-23 0.20 Air 0.0698(6) 0.85(5) —0.00113(58) +0.000024(14)
Self 0.0714(3) 0.62(2) —0.00297(30) —0.000002(6)
4 P E 3 4 E 1 1492.48876(2) 7.732E-23 0.08 Air 0.0702(1) 0.96(1) —0.00349(17) -+0.000042(4)
Self 0.0731(1) 0.63(1) —0.00431(11) +0.000029(2)
4 P F2 4 4 F1 1 1492.67959(4) 5.025E-23 0.14 Air 0.0723(3) 1.06(3) —0.00395(33) +0.000028(9)
Self 0.0721(1) 0.68(1) —0.00430(22) +0.000018(4)
4 P F1 5 4 F2 1 1493.18052(1) 2.523E-22 0.04 Air 0.0708(1) 1.01(1) —0.00305(8) —0.000009(2)
Self 0.0749(1) 0.53(1) —0.00312(7) +0.000010(1)
5 R F1 5 4 F2 1 1586.94595(2) 7.319E-23 0.06 Air 0.0726(2) 0.97(2) +0.00444(18) —0.000011(5)
Self 0.0744(1) 0.63(1) -+0.00036(11) —0.000016(2)
5 R F1 6 4 F2 1 1587.83315(2) 1.402E-22 0.04 Air 0.0637(1) 0.96(1) —0.00084(10) —0.000016(3)
Self 0.0686(1) 0.57(1) —0.00165(7) —0.000002(2)
5 R E 4 4 E 1 1588.03036(2) 1.054E-22 0.05 Air 0.0605(1) 0.99(1) —0.00411(11) +0.000033(3)
Self 0.0670(1) 0.56(1) —0.00422(8) +0.000021(2)
5 R F2 6 4 F1 1 1588.32762(2) 9.233E-23 0.05 Air 0.0707(1) 1.10(1) —0.00580(15) +0.000035(4)
Self 0.0734(1) 0.61(1) —0.00574(9) +0.000021(2)
5 R A2 3 4 A1 1 1589.73312(1) 1.798E-22 0.05 Air 0.0704(1) 1.10(1) —0.00488(11) +0.000041(3)
Self 0.0756(1) 0.56(1) —0.00548(8) +0.000023(2)
5 R F2 7 4 F1 1 1589.85711(5) 3.395E-23 0.13 Air 0.0678(3) 1.13(3) —0.00345(36) +0.000026(10)
Self 0.0721(2) 0.61(2) —0.00292(23) +0.000021(5)
5 P 4 F1 5 5 F2 1 1482.52285(2) 1.177E-22 0.06 Air 0.0727(1) 1.00(1) —0.00656(13) -+0.000040(3)
Self 0.0728(1) 0.69(1) —0.00684(10) +0.000019(2)
5 P 4 F2 6 5 Fl1 2 1483.79236(1) 3.546E-22 0.09 Air 0.0681(1) 1.10(1) —0.00031(10) +0.000007(3)
Self 0.0755(2) 0.49(1) —0.00474(16) —0.000025(3)
5 P 4 E 4 5 E 1 1483.83445(2) 2.245E-22 0.12 Air 0.0658(1) 1.02(1) —0.00032(13) +0.000004(3)
Self 0.0704(2) 0.57(1) —0.00028(19) +0.000008(4)
6 R F2 6 5 Fl1 2 1597.74628(6) 4.186E-23 041 Air 0.0720(5) 0.90(5) +0.00503(56) —0.000039(14)
Self 0.0729(4) 0.54(2) +0.00325(39) —0.000025(7)
6 R E 4 5 E 1 1597.77031(5) 5.816E-23 0.29 Air 0.0712(4) 1.18(4) +0.00015(40) —0.000046(11)
Self 0.0743(2) 0.65(2) —0.00079(30) —0.000022(6)
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F2

F1

F2

F1

A2

F2

F1

F2

F1

F2

A2

F2

F1

Al

F1

F1

F2

F1

F1

F2

F1

F2

F1

F2

F1

F2

Al

F1

F2

F1

F2

F1

Al

F1

F2

A2

F2

F2

F1

F2

F2

F1

F2

F1

1599.01101(1)
1599.41395(2)
1599.55939(2)
1601.76710(2)
1601.94255(13)

1601.98985(13)

1474.56079(1)
1474.69051(1)

1474.76836(1)

1608.60542(7)
1608.62362(4)
1609.86970(4)
1610.09139(1)
1610.59595(2)
1610.77793(2)
1610.95104(1)
1614.02300(7)
1614.04497(3)
1614.07730(3)

1614.27501(14)

1462.63725(5)
1462.67578(2)
1463.02716(2)
1463.38101(4)
1463.52270(6)

1465.71274(1)

2.115E-22

9.318E-23

1.455E-22

1.176E-22

1.450E-23

1.289E-23

9.256E-22

4.432E-22

3.841E-22

3.901E-23

7.302E-23

6.555E-23

4.938E-22

1.647E-22

1.403E-22

2.836E-22

3.266E-23

9.200E-23

7.809E-23

1.030E-23

4.527E-23

1.252E-22

9.779E-23

5.550E-23

2.964E-23

6.165E-22

0.05

0.06

0.05

0.05

0.46

0.47

0.06

0.06

0.10

0.72

0.38

0.17

0.07

0.06

0.08

0.06

0.58

0.25

0.20

0.62

0.29

0.10

0.05

0.08

0.16

0.04

Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self

0.0629(1)
0.0701(1)
0.0585(1)
0.0644(1)
0.0665(1)
0.0717(1)
0.0698(1)
0.0731(1)
0.0798(11)
0.0757(5)
0.0679(10)
0.0687(5)

0.0631(1)
0.0748(1)
0.0672(1)
0.0746(2)
0.0675(1)
0.0743(1)

0.0693(6)
0.0692(3)
0.0689(3)
0.0704(2)
0.0681(3)
0.0677(1)
0.0611(0)
0.0701(1)
0.0633(1)
0.0672(1)
0.0632(1)
0.0675(1)
0.0636(1)
0.0711(1)
0.0674(8)
0.0696(7)
0.0694(4)
0.0766(5)
0.0659(3)
0.0717(2)

0.0728(4)

0.0676(4)
0.0723(3)
0.0680(1)
0.0749(1)
0.0706(1)
0.0741(1)
0.0733(2)
0.0759(2)
0.0669(4)
0.0694(2)
0.0633(1)
0.0729(1)

1.12(1)
0.52(1)
1.06(1)
0.58(1)
1.10(1)
0.61(1)
1.09(1)
0.60(1)
0.92(9)
0.72(4)
0.97(10)
0.65(4)

1.15(1)
0.38(1)
1.10(1)
0.46(1)
1.12(1)
0.49(1)

1.15(5)
0.82(2)
1.07(3)
0.61(1)
1.07(2)
0.71(1)
1.11(1)
0.46(1)

~0.00071(8)
~0.00150(7)
~0.00263(2)
~0.00371(9)
~0.00412(11)
—0.00474(8)
—0.00626(12)
~0.00541(8)
—0.00163(117)
+0.00137(63)

~0.00382(107)

+0.00028(60)

—0.00069(5)
~0.00358(12)
+0.00045(9)
—0.00318(17)
—0.00060(11)
~0.00029(16)

+0.00331(30)
+0.00116(19)
~0.00001(6)
~0.00204(7)
~0.00228(12)
~0.00389(9)
~0.00320(14)
~0.00523(12)
—0.00603(8)
~0.00562(7)
—0.00214(86)
+0.00039(82)
~0.00809(44)
—0.00637(49)
—0.00835(29)
~0.00802(28)

+0.00069(46)

~0.00379(43)
~0.00178(35)
~0.00650(18)
—0.00681(15)
~0.00833(16)
~0.00923(11)
—0.00335(27)
—0.00466(16)
~0.00462(43)
—0.00375(25)
—0.00164(6)

~0.00228(9)

~0.000008(2)
+0.000012(1)
+0.000011(3)
10.000008(2)
+0.000035(3)
+0.000027(2)
10.000012(3)
+0.000033(2)
+0.000042(31)
+0.000011(12)
+0.000089(29)
+0.000060(11)
(

+0.000005(1)
1+0.000011(2)
~0.000005(2)
+0.000005(3)
+0.000011(2)
~0.000001(3)

+0.000011(8)
0.000000(4)
~0.000017(2)
—0.000011(1)
+0.000013(3)
10.000008(2)
+0.000058(3)
—0.000002(2)
+0.000037(2)
+0.000021(1)
+0.000116(22)
+0.000070(15)
~0.000016(12)
+0.000024(8)
—0.000004(8)
40.000010(5)

~0.000042
40.0000161
4+0.000011(5)
+0.000015(3)
+0.000056(5)
+0.000035(2)
+0.000034(7)
40.000014(3)
+0.000050(12)
+0.000027(5)
—0.000010(1)
40.000028(2)
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Table 2 (continued )

im AJ C nJ c n”  Position® Intensity” % unc Broadening gas Width® Width temp dependence?  Shift® Shift temp dependence®
7 P E 6 7 E 1 1465.90975(1) 3.042E-22 0.10 Air 0.0569(1) 1.04(1) —0.00084(10) —0.000031(3)
Self 0.0658(3) 0.34(2) +0.00139(22) +0.000046(5)
7 P F1 8 7 F2 2 1465.95296(1) 4.201E-22 0.08 Air 0.0658(1) 1.15(1) —0.00150(8)
Self 0.0777(3) 0.24(3) +0.00040(29)
7 P Al 3 7 A2 1 1466.01423(1) 6.464E-22 0.06 Air 0.0603(1) 1.03(1) —0.00062(5)
Self 0.0718(2) 0.33(1) —0.00018(8)
8 R F1 8 7 F2 2 1620.97601(6) 2.034E-23 0.47 Air 0.0618(7) 1.12(8)
Self 0.0663(5) 0.53(4)
8 R F2 9 7 F1 2 1621.86220(2) 1.359E-22 0.09 Air 0.0610(1) 1.05(1) —0.00207(13) -+0.000005(3)
Self 0.0674(1) 0.55(1) —0.00283(10) —0.000002(2)
8 R E 6 7 E 1 1621.98947(2) 1.291E-22 0.08 Air 0.0447(1) 0.95(1) —0.00367(8) +0.000010(2)
Self 0.0550(1) 0.41(1) —0.00355(8) +0.000018(2)
8 R F1 9 7 F2 2 1622.21603(2) 1.201E-22 0.12 Air 0.0618(1) 1.05(2) —0.00261(17) -+0.000005(5)
Self 0.0683(1) 0.55(1) —0.00348(14) +0.000017(3)
8 R F1 9 7 F2 1 1622.25432(5) 4.928E-23 0.24 Air 0.0629(3) 1.04(4) —0.01184(37) +0.000092(10)
Self 0.0703(3) 0.48(2) —0.01057(32) -+0.000051(6)
8 R Al 4 7 A2 1 1626.52935(2) 2.047E-22 0.12 Air 0.0679(1) 1.00(1) —0.00702(16) -+0.000040(5)
Self 0.0716(2) 0.55(1) —0.00696(20) +0.000011(4)
8 R F1 10 7 F2 2 1626.56124(8) 3.998E-23 0.58 Air 0.0632(7) 1.06(7) —0.00894(85) +0.000018(22)
Self 0.0773(12)  0.24(7) —0.00669(133)  —0.000008(23)
8 R F1 10 7 F2 1 1626.59912(4) 7.149E-23 0.28 Air 0.0636(4) 0.97(3) —0.00524(44) +0.000053(11)
Self 0.0699(5) 0.48(3) —0.00842(60) -+0.000003(11)
8 R F2 10 7 F1 1 1626.63297(3) 1.003E-22 0.19 Air 0.0649(2) 0.95(2) —0.00785(25) -+0.000054(7)
Self 0.0692(2) 0.58(2) —0.00838(30) -+0.000024(6)
8 P E 5 8 E 1 1453.01036(3) 8.227E-23 0.12 Air 0.0662(2) 1.26(2) —0.00627(25) +0.000029(7)
Self 0.0692(2) 0.53(1) —0.00837(18) +0.000020(4)
8 p F2 7 8 FI1 1 1453.07752(2) 1.039E-22 0.11 Air 0.0643(2) 1.13(2) —0.00752(19) +0.000025(5)
Self 0.0706(1) 0.57(1) —0.00689(14) +0.000040(3)
8 P A2 3 8 Al 1 1453.30619(2) 1.539E-22 0.06 Air 0.0694(1) 1.11(1) —0.00720(16) +0.000019(4)
Self 0.0734(1) 0.59(1) —0.00876(11) -+0.000023(2)
8 p F2 8 8 F1 2 1453.73260(3) 7.276E-23 0.10 Air 0.0624(2) 1.04(2) —0.00796(21) -+0.000016(6)
Self 0.0674(1) 0.60(1) —0.00751(13) +0.000025(3)
8 P F1 8 8 F2 1 1453.92734(6) 2.636E-23 0.33 Air 0.0666(3)
Self 0.0675(3) 0.65(2) —0.00143(29) -+0.000009(6)
9 R F2 8 8 F1 2 1630.40222(6) 4.093E-23 0.06 Air 0.0671(8) 1.02(9) +0.00452(79) +0.000025(24)
Self 0.0677(6) 0.70(5) +0.00339(33)
9 R F1 8 8 F2 1 1630.41467(5) 4.928E-23 0.05 Air 0.0600(6) 0.91(7) —0.00003(59) +0.000003(17)
Self 0.0669(5) 0.56(4) —0.00094(36) —0.000017(6)
9 R E 6 8 E 2 1632.10918(4) 7.263E-23 0.09 Air 0.0739(5) 1.13(5)
Self 0.0630(6) 0.91(5) +0.00484(21) +0.000027(5)
9 R F1 9 8 F2 2 1632.11704(4) 6.231E-23 0.09 Air 0.0561(4) 0.87(5)
Self 0.0762(9) 0.27(6)
9 R F1 10 8 F2 2 1633.15072(2) 1.635E-22 0.09 Air 0.0605(1) 0.99(1) —0.00342(10) +0.000021(2)
Self 0.0663(1) 0.58(1) —0.00347(11) -+0.000019(2)
9 R E 7 8 E 2 1633.49223(3) 6.537E-23 0.11 Air 0.0489(1) 0.95(2) —0.00124(16) -+0.000003(4)
Self 0.0558(1) 0.60(1) —0.00291(13) —0.000009(3)
9 R F2 10 8 F1 2 1633.56625(2) 1.380E-22 0.07 Air 0.0601(2) 1.07(2) —0.00664(17) +0.000025(5)
Self 0.0664(1) 0.57(1) —0.00618(13) -+0.000037(2)
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F2

F2
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F2

F1
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F1

F1

F2

F2

A2

10

1

1

10

10

1

10

11

1

1

F1

F2

Al

F1

F2

F1

Al

F1

F1

F2

F1

F1

Al

F1

F2

A2

F2

F2

F1

F1

Al

1633.57752(9)
1633.63780(14)
1639.34025(3)
1639.39845(3)
1639.41765(6)

1639.43909(8)

1443.42051(2)
1443.47631(3)
1444.01529(1)
1444.18586(8)
1444.23566(5)
1444.36080(7)
1448.86089(2)
1448.90107(2)

1449.18316(2)

1641.31316(5)
1641.33445(11)
1643.23428(3)
1643.28703(4)
1644.27692(1)
1644.39276(3)
1644.50741(16)
1644.84409(4)
1644.89801(3)
1644.94866(12)

1645.00261(2)

2.297E-23

1.511E-23

8.198E-23

1.445E-22

6.837E-23

3.843E-23

1.055E-22

9.030E-23

1.884E-22

2.439E-23

4.121E-23

2.587E-23

5.701E-22

4.783E-22

3.115E-22

5.157E-22

2.458E-23

6.665E-23

4.920E-23

2.952E-22

6.971E-22

1.148E-23

5.185E-23

8.740E-23

2.418E-23

2.040E-22

0.07

0.54

0.16

0.21

0.57

0.65

0.09

0.11

0.04

0.33

0.27

0.24

013

0.13

0.22

0.39

0.81

0.14

0.20

0.08

0.12

0.47

0.19

0.17

0.66

0.18

Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self

0.0547(9)
0.0640(5)
0.0679(7)
0.0665(5)
0.0681(2)
0.0676(2)
0.0553(2)
0.0670(3)
0.0588(7)
0.0725(11)
0.0645(8)
0.0679(9)

0.0607(1)
0.0694(1)
0.0636(2)
0.0694(1)
0.0643(1)
0.0704(1)
0.0634(5)
0.0655(4)
0.0654(4)
0.0673(3)
0.0704(5)
0.0718(3)
0.0602(2)
0.0742(6)
0.0628(2)
0.0702(5)
0.0617(2)
0.0669(1)

0.0684(4)
0.0644(3)
0.0638(8)
0.0587(5)
0.0626(2)
0.0652(1)
0.0689(3)
0.0670(2)
0.0555(1)
0.0668(1)
0.0612(2)
0.0663(1)
0.0595(9)
0.0606(5)
0.0602(4)
0.0665(3)
0.0595(2)
0.0655(2)
0.0648(8)
0.0720(9)
0.0569(1)
0.0659(1)

0.64(5)
1.13(2)

0.45(11)
0.77(5)
1.11(3)
0.45(2)
1.01(3)
0.58(2)
0.76(9)
0.64(6)
1.13(1)
0.45(1)

—0.01992(75)
~0.01143(63)
~0.00949(24)
—0.00713(22)
—0.00830(22)
~0.00541(37)
—0.00574(68)
~0.00752(114)
~0.00975(82)
—0.01191(102)

—0.00788(15)
—0.00825(15)
~0.00803(17)
—0.00807(17)
—0.00313(9)

~0.00383(10)
—0.00374(56)
—0.00451(43)
~0.01062(41)
~0.00742(33)
—0.00528(51)
—0.00704(35)
~0.00222(24)
—0.01225(60)
—0.00639(19)
~0.00380(44)

+0.00366(46)
10.00265(32)
—0.00135(86)
+0.00443(56)
10.00391(19)
10.00051(16)
+0.00391(19)
1+0.00154(23)
~0.00190(8)

~0.00397(8)

+0.00311(19)
10.00142(17)
~0.00832(96)
—0.00423(64)
~0.00182(41)
~0.00478(25)
+0.00161(34)
~0.00447(24)
~0.00923(90)
—0.02255(98)
—0.00170(11)
~0.00463(11)

10.000092(14)
+0.000095(7)
+0.000005(4)
+0.000060(6)
10.000062(6)
+0.000104(18)
+0.000062(19)
10.000042(21)
+0.000003(18)

+0.000024(5)
+0.000027(3)
10.000017(5)
+0.000038(3)
+0.000004(3)
10.000019(2)
+0.000062(17)
+0.000017(9)
+0.000015(13)
40.000052(7)
+0.000038(16)
+0.000027(7)
~0.000001(5)
—0.000005(9)
+0.000029(4)
10.000004(7)

40.000029(13)
~0.000014(7)
~0.000145(24)
+0.000054(11)
10.000004(6)
~0.000032(3)
—0.000022(9)
—0.000001(5)
10.000024(2)
—0.000000(2)
0.000007(6)
~0.000015(3)
+0.000052(26)
+0.000056(13)
+0.000066(7)
~0.000032(4)
+0.000051(5)
—0.000039(4)
+0.000311(24)
—0.000154(18)
+0.000046(3)
10.000004(2)
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Table 2 (continued )

im- Al T C nJ (el n”  Position? Intensity” % unc Broadening gas Width® Width temp dependence?  Shift® Shift temp dependence®
10 P 9 E 6 10 E 1 1433.87905(15) 5.014E-23 219 Air 0.0606(10) +0.00441(146)
Self 0.0675(8) —0.00800(232)
10 P 9 F1 9 10 F2 1 1433.89002(10) 8.386E-23 1.31 Air 0.0675(8) —0.01128(123)
Self 0.0704(6) —0.00720(200)
10 P 9 Al 3 10 A2 1 1433.91214(3) 1.479E-22 0.26 Air 0.0573(3) 1.01(3) —0.00818(24) +0.000005(6)
Self 0.0677(4)  0.39(3) ~0.00872(43)  +0.000047(7)
10 P 9 R 9 10 F1 2  143463100(11)  2.846E-23 0.39 Air 0.0678(7)  0.96(7) —0.00353(75) —0.000051(20)
Self 0.0694(8)  0.72(5) —0.00406(84)  +0.000011(15)
10 P 9 R 9 10 F1 1 1434.70628(6)  5.093E-23 0.24 Air 0.0613(4)  0.92(4) —0.00596(39)  +0.000045(10)
Self 0.0647(5)  0.68(3) —0.00738(47) +0.000012(8)
10 P 9 F1 10 10 F2 2  1434.80684(7)  4.283E-23 0.23 Air 0.0661(4)  0.95(5) —0.00858(47) +0.000053(13)
Self 0.0680(5) 0.73(3) —0.00778(55) +0.000044(10)
11 Q 11 F1 14 11 F2 3 1550.60963(6) 4.518E-23 0.33 Air 0.0603(3) 0.84(4) +0.00419(29) —0.000024(9)
Self 0.0638(3)  0.68(2) ~0.00020(35)  —0.000032(7)
11 Q 11 F1 13 11 F2 2 1550.68880(10) 2.700E-23 0.63 Air 0.0505(5) 0.90(9) —0.00188(55) +0.000091(18)
Self 0.0589(6)  0.56(5) —0.00584(66) ~0.000010(13)
1 Q 1 E 9 11 E 1 1550.71969(4)  7.350E-23 0.33 Air 0.0593(3)  0.89(4) -0.00292(29)  +0.000015(10)
Self 0.0621(3)  0.66(3) —0.00543(36) 0.000000(7)
M Q 1 F1 14 1 F2 2  1550.75086(7)  4.095E-23 0.46 Air 0.0523(4)  0.95(6) —0.00544(37) +0.000001(12)
Self 0.0571(4)  0.68(4) —0.00474(43) 40.000039(9)
1 Q 1 F 13 1 F 1 1550.85765(1)  2.295E-22 0.10 Air 0.0436(1)  0.87(1) —0.00375(7) +0.000015(2)
Self 0.0553(2)  0.50(1) —0.00495(15) +0.000012(3)
1 Q 1 F 13 1 F 1 155091759(1)  2.512E-22 0.10 Air 0.0445(1)  0.92(1) —0.00602(8) +0.000032(3)
Self 0.0560(2)  0.45(1) —0.00592(16) +0.000030(3)
1 Q 11 Al 5 11 A2 1  1551.11911(2) 1.416E-22 0.12 Air 0.0673(1)  1.08(1) —0.00589(12) +0.000014(4)
Self 0.0666(1) 0.64(1) —0.00693(14) +0.000045(3)
12 Q 12 F2 14 12 F1 2 1553.54679(15) 1.450E-23 0.97 Air 0.0520(6)
Self 0.0579(6)  0.48(5) —0.00424(49)
12 Q 12 F1 14 12 F2 3 1553.59291(13) 1.785E-23 0.84 Air 0.0620(7)
Self 0.0656(7)  0.55(5) ~0.00280(47)
12 Q 12 Al 5 12 A2 1 1553.68345(6)  7.737E-23 0.57 Air 0.0654(4)  1.13(4) +0.00136(45) ~0.000021(13)
Self 0.0660(5)  0.79(4) +0.00124(65) +0.000013(12)
12 Q 12 F1 14 12 F2 2 1553.70020(35) 1.092E-23 3.57 Air 0.0498(18) —0.00535(243)
Self 0.0578(31)  0.54(26) ~0.01370(356)  —0.000025(65)
12 Q 12 E 10 12 E 1 1553.76322(3)  1.247E-22 0.32 Air 0.0403(2)  1.06(3) —0.00386(20)  +0.000010(6)
Self 0.0502(4)  0.49(3) ~0.00824(37) 10.000012(7)
12 Q 12 FE2 14 12 F1 1 1553.78283(2)  1.648E-22 0.21 Air 0.0390(1)  0.91(2) —0.00408(13) +0.000040(4)
Self 0.0516(3)  0.47(3) —0.00619(27) +0.000005(5)
12 Q 12 F1 14 12 F2 1 1553.84120(8)  4.430E-23 0.54 Air 0.0457(4)  1.25(6) —0.00167(42) +0.000059(13)
Self 0.0554(6) 0.63(6) —0.00281(71) +0.000053(13)
12 Q 12 A2 5 12 Al 1  1553.87492(1)  3.130E-22 011 Air 0.0414(1)  0.93(1) —0.00621(7) +0.000034(2)
Self 0.0535(2)  0.49(1) —0.00612(14) +0.000027(3)
12 Q 12 F2 15 12 F1 1 1553.99385(12) 1.732E-23 0.64 Air 0.0452(5)  1.33(9) —0.00921(53) +0.000016(18)
Self 0.0531(4)  0.69(4) —0.00734(45) +0.000026(10)
12 P 11 A2 4 12 Al 1  141496672(4)  6.938E-23 0.16 Air 0.0557(2)  0.84(2) —0.00744(27) +0.000037(7)
Self 0.0579(2)  0.83(1) —~0.00832(25)  +0.000025(5)
12 P 11 F2 10 12 F1 1 1415.02592(6)  4.227E-23 0.33 Air 0.0555(4)  0.78(5) —0.00569(42)  +0.000009(12)
Self 0.0563(3)  0.92(3) —0.00879(43) ~0.000003(9)
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F1

Al

F2

F1
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F1

F2

F1

F2

F2

F1

F2

A2

Al

F1

F2

A2

F1

Al

F1

1415.05954(9)

1406.65734(23)
1406.73345(17)

1407.20173(7)

1411.03220(6)
1411.07364(6)
1411.14901(2)
1411.29815(4)
1411.36847(5)
1411.44327(3)
1412.15272(4)
1412.16923(4)

1412.18781(3)

1563.25237(5)
1563.31653(5)
1563.74815(14)
1563.85786(11)

1564.30306(7)

1405.79540(2)
1405.81859(3)
1405.84213(3)

1405.86549(2)

1566.62363(13)
1566.65064(9)
1566.71306(5)

1567.39507(18)

2.870E-23

1.216E-23

1.653E-23

3.936E-23

4.490E-23

4.636E-23

1.269E-22

7.946E-23

5.746E-23

9.762E-23

9.881E-23

9.727E-23

1.065E-22

3.956E-23

3.975E-23

1.363E-23

1.805E-23

3.118E-23

1.103E-22

6.308E-23

6.456E-23

1.152E-22

1.420E-23

2.036E-23

3.439E-23

1.081E-23

0.49

0.68

0.49

0.18

0.25

0.30

0.07

0.12

0.17

0.09

0.33

0.36

0.27

0.18

0.17

0.40

0.31

0.24

0.30

0.56

0.55

0.30

0.77

0.54

0.20

0.47

Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
Self
Air
self
Air
Self
Air
Self
Air
Self
Air
Self

0.0558(5)
0.0567(4)

0.0630(14)
0.0643(10)
0.0611(10)
0.0619(7)
0.0527(3)
0.0585(3)

0.0373(2)
0.0476(2)
0.0439(3)
0.0521(3)
0.0408(1)
0.0517(1)
0.0503(2)
0.0556(2)
0.0412(2)
0.0505(2)
0.0511(1)
0.0562(2)
0.0320(2)
0.0399(2)
0.0193(2)
0.0265(2)
0.0343(2)
0.0426(2)

0.0297(1)
0.0428(2)
0.0310(1)
0.0431(1)
0.0423(5)
0.0505(5)
0.0416(4)
0.0509(4)
0.0462(2)
0.0537(2)

0.0506(8)

0.0557(18)
0.0371(11)
0.0169(26)
0.0318(10)
0.0324(25)
0.0539(7)

0.0546(17)

0.0281(4)
0.0373(4)
0.0274(3)
0.0391(2)
0.0292(1)
0.0393(2)
0.0391(5)
0.0454(3)

0.89(6) —0.00662(60)
1.00(4) ~0.00511(57)
0.83(18) ~0.00254(149)
0.66(9) —0.00976(111)
1.23(14) ~0.00410(107)
0.87(6) ~0.00701(81)
0.98(5) ~0.00391(39)
0.71(3) ~0.00638(32)
1.10(6) ~0.00091(27)
0.71(3) ~0.00324(28)
0.95(6) +0.00068(31)
0.67(3) ~0.00273(32)
0.96(2) ~0.00155(11)
0.60(1) —0.00338(12)
0.91(3) +0.00092(20)
0.72(2) —0.00054(19)
0.71(4) ~0.00179(23)
0.64(2) —0.00404(23)
0.97(3) ~0.00483(17)
0.68(2) ~0.00594(16)
0.80(5) +0.00699(21)
0.53(3) 40.00001(27)
0.77(6) ~0.00139(17)
0.55(5) —0.00441(26)
0.84(4) —0.01249(21)
0.60(3) ~0.01137(26)
0.88(5) ~0.00454(17)
0.47(2) —0.00554(18)
0.79(5) ~0.00459(17)
0.54(2) ~0.00588(19)
1.17(14) ~0.00285(56)
0.69(6) —0.00316(53)
1.05(11) —0.00394(43)
0.55(5) ~0.00493(40)
1.05(7) —0.00326(29)
0.49(3) ~0.00525(27)
0.92(5) ~0.00241(51)
1.11(4) —0.00676(52)
1.36(17) —0.00677(46)
0.86(8) —0.00439(42)
0.59(12) ~0.00571(33)
~0.00473(35)
0.97(7) —0.00572(20)
0.62(3) ~0.00678(18)
—0.00469(61)
~0.00425(35)

—0.000005(18)
10.000055(12)

+0.000111(48)
+0.000006(24)
+0.000131(35)
+0.000020(18)
~0.000027(12)
~0.000035(7)

+0.000020(9)

10.000008(6)

+0.000059(10)
+0.000001(7)
10.000016(3)
+0.000016(3)
~0.000020(6)
40.000007(4)
+0.000002(7)
+0.000011(5)
+0.000040(5)
+0.000023(4)
—0.000035(6)
~0.000061(6)
40.000008(5)
+0.000013(5)
+0.000076(6)
10.000086(5)

+0.000036(7)
+0.000014(4)
+0.000063(7)
+0.000020(5)
~0.000049(26)
+0.000016(13)
~0.000042(20)
10.000020(10)
+0.000101(13)
—0.000018(7)

+0.000016(11)

7
3
3

+0.000165(11)

10.000049(21)
+0.000084(10)
+0.000021(14)

+0.000047(8)
+0.000028(5)
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Table 2 (continued )

Shift temp dependence®

Shift®

Width temp dependence

% unc Broadening gas Width©

Intensity”

Position®

n”

el

N

Iml

—0.00486(72)
—0.00524(44)
40.00130(80)
~0.00307(45)
—0.00273(80)
—0.00729(35)
~0.00024(17)

—0.00583

0.65 Air

1.005E-23

1567.62860(21)

F1 18 16 F2 1

16

16

Self
Air

0.59

1.109E-23

A2 1 1567.73327(21)

16

Al

16

16

Self
Air
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+0.000072(23)

0.71(11)

—0.000042(38)
40.000037(41)
+0.000031(20)
40.000026(26)
40.000123(40)
—0.000056(54)

1.11(14)
0.40(17)

0.0511(7
0.0558(3
0.0480(1

0.40

5.261E-23

16 Al 1398.50993(8)

A2

15

16

Self
Air

0.68

3.519E-23

F2 19 16 4 1399.79524(7)

15

16

217)

20)
10)

0.0258(16)

0.0560
0.0173

Self
Air

)

136)

—0.00449(84

—0.00812
—0.00792
—0.00963

0.87(35)
0.27(31)

1.43

2.373E-23

1399.82192(13)

16

15 13

16

189)

293)

0.57(14)
1.42(15)

14)

16)

Self
Air

0.0518
0.0501

0.87

3.670E-23

1399.84755(12)

F1 20 16 F2 4

15

16

Self

Values in parentheses are statistical uncertainties in units of the last digit quoted; (0) means that the uncertainty is less than half a unit.

2 Positions are given in cm ™'

) at 296 K. Percent statistical uncertainties are given in the adjoining column.

-2

b Intensities are in units of cm~!/(molecule cm

¢ Half width and pressure-induced shift coefficients are in units of cm~!atm~! at 296 K.

4 Half width temperature dependence exponents are unitless.

¢ Temperature dependences of shift coefficients are in units of cm~'atm~' K~

study, the mean and standard deviation of the differences
in line positions between the present results and the
HITRANO4 [29] values are 3.9x107>cm~! and 2.7 x
10~*cm™!, respectively, and the mean and standard
deviation of ratios of line intensities (present work divided
by HITRAN value) are 0.99 and 0.04 for HITRANO4 [29]. The
agreement of positions and intensities with our measure-
ments is the same or slightly better for both subsequent
HITRAN editions.

3.1. Half width and pressure-induced shift coefficients

The air- and self-broadened half width and shift coeffi-
cients determined from the multispectrum fits in the v, band
are listed in Table 2, and in Fig. 5 they are plotted as functions
of m using different symbols for A-, E- and F-species
transitions. (m=—J", J’, and J’+1 for P-, Q- and R-branch
transitions, respectively.) The uncertainties correspond to
one sigma standard deviations in measured quantities.
Where error bars are not visible the uncertainties are smaller
than the size of the symbols used. The measured half width
coefficients (panels (a) and (b)) in both air- and self broad-
ening range between ~0.02 and 0.08 cm~! atm~! at 296 K.
Both sets of half width coefficients decrease with increasing
Iml. This is similar to what has been observed in the v4 bands
of 12CH4 and ®CH, [1-3]. Also similar to the v, results, the
ratio of self- to air-broadened half width in the v, band varies
from line to line, with the majority of these ratios having
values between 1.0 and 1.5, and the higher ratios occurring
with larger Iml values.

Most of the shift coefficients (panels (c) and (d)) are
negative, although a few positive shift coefficients were
also obtained for both air and self broadening. The shift
coefficients roughly range between +0.007 cm~!atm™!
and —0.020 cm~!atm~! at 296 K for air broadening and
from +0.005cm~"atm~' to —0.023 cm~"atm™~! at 296 K
for self broadening. Similar ranges of shift values were
observed in the v4 bands of >CH, and '>CH, [1-3], although
there is considerably more scatter among the measurements
in the weaker v, band. In both the v, and v4 bands of >CH,4
the measured values of the pressure-induced shifts show
no obvious dependence on either the rotational quantum
number index m or the symmetry of the transition. The
mean values of the v, pressure-induced shifts are —0.0037
cm~!atm~! at 296 K for air-shifts and —0.0046 cm~! atm ™!
at 296 K for self-shifts, while for the v4 band the mean values
were —0.0033 cm~!atm~! at 296K for air-shifts [1] and
—00042cm~'atm~! at 296 K for self-shifts [2]. Thus, on
average, the pressure-induced shifts in the v, and v4 bands are
very similar.

3.2. Temperature dependences of half width and pressure-
induced shift coefficients

Because the v, band lines are weaker than the v, band
lines, a smaller number of observed spectra were included
in the retrievals (29 for v, (see Table 1); 60 for v4 [1,2]),
although the temperature range was nearly the same for
both bands. Therefore, the results for the temperature
dependences of the v, air- and self-broadened half width
and shift coefficients should be considered less accurate
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Fig. 5. Measured '>CH, v, half width and shift coefficients in cm ' atm ! at 296 K plotted vs. m (m=—J”, J” and J’+1 for P-, Q- and R-branch transitions,
respectively). Air-broadened widths and shifts are shown in the upper panels (a) and (c), and the self-broadened widths and shifts are given in the lower
panels (b) and (d). In each plot triangle, square, and circle symbols are used to indicate values for the A-, E- and F-species transitions, respectively. Where
error bars are not visible the statistical uncertainty in the measured value is smaller than the size of the symbol used.

than the corresponding v4 values. The more limited accu-
racy may be seen in the statistical uncertainties associated
with the measured values reported in Table 2, which are
represented by the error bars in Fig. 6.

As seen in Table 2, we were able to determine through
multispectrum fits the temperature dependence exponents
of the air- and self-broadened half width coefficients, n; and
n, defined in Eq. (1), for most of the v, transitions measured.
Fig. 6(a) and (b) are plots of the measured air- and self-
broadened half width temperature dependence exponents 1,
and n, vs. m. As with the air- and self-broadened half width
coefficients (Fig. 5(a) and (b)), the temperature dependence
exponents are also transition dependent, but show different
distributions with m. The values of n; range between 0.4 and
1.4, and the values of n, vary from 0.2 to 1.0, indicating that
the temperature dependence exponents for self-broadening
are smaller than for air broadening. These ranges of n; and n,
are consistent with those determined from multispectrum
fits in the v4 band [1,2], although the v, results showed a
wider range, including some negative values for n,.

The measured temperature dependence coefficients &
for air- and self-shifts from this study, defined in Eq. (3),
are plotted vs. m in Fig. 6(c) and (d). Both positive
and negative values are obtained for §'(air) and &'(self).
The majority of the temperature dependence coefficients

for both air- and self-shifts are positive with values
between zero and +0.0001 cm~'atm~!'K~'. Since the
values of the air- and self-shift coefficients are much
smaller than the corresponding half width coefficients,
values of §'(air) and &'(self) are very small and highly
uncertain and should be judged as only indicative of the
upper limits to &'(air) and &'(self). Since 5°air) and 5%(self)
are nearly of equal magnitude, it is not surprising that &
(air) and &'(self) are also very similar. These results for v,
are very similar to those obtained from multispectrum fits
in the v4 band [1,2]. Our results for §'(air) and '(self) in the
v» band of CH, are the first ever reported.

3.3. Off-diagonal relaxation matrix element coefficients

As stated earlier, a Voigt line shape including speed
dependence and line mixing via full relaxation matrix
formulation was used to fit the data. The optical densities
(pressure-path length products) in the spectral data set
available for our analysis of the v, band (see Table 1) were
not large enough to easily distinguish these effects.
As explained in Section 2, speed dependence parameters
could not be determined, and it was not necessary to
include line mixing to fit most of the ] manifolds. However,
it was possible to measure the off-diagonal relaxation
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Fig. 6. Temperature dependences for '>CH, v, half width and shift coefficients determined from the multispectrum fits. Air- (a) and self-broadened (b) half
width temperature exponents (Eq. (1)) are unitless, and air (c) and self-broadened (d) shift temperature coefficients (Eq. (3)) are in cm~ ! atm~! K~ . The

meanings of the symbols and error bars correspond to those in Fig. 5.

matrix element (ORME) coefficients for both air- and self
broadening for 10 pairs of v, transitions. As was the case
for the v, bands of '>CH, and '>CH,4 [1-3], the limited
temperature range of the set of laboratory spectra made it
impossible to uniquely determine the temperature depen-
dence exponents of the ORME coefficients, and these were
held fixed to the value 1.0. The measured ORME coeffi-
cients are listed in Table 3 for these pairs of v, transitions;
five in the P-branch and five in the R-branch J manifolds.
Except for two pairs of A-species transitions, all the rest of
the mixing coefficients were determined for F-species
transitions. The results given in Table 3 suggest that the
ORME coefficients for air and self mixing in the v, band are
very similar; this has also been noted for vs [1,2]. For
comparison, the ORME coefficients for self and air mixing
measured for corresponding pairs of transitions in the v,
[1,2] and vy+v3 [16] bands are also shown in Table 3.
Considering the measurement uncertainties of the ORME
coefficients in the three bands, the agreement is good in
the majority of the cases, with the larger ORME values
usually observed in the higher ] manifolds.

For the convenience of the reader who may want to
compare the ORME coefficients in Table 3 with Rosenkranz
[37] mixing parameters reported for other methane bands
(e.g., [11,24]), the separations between the lines of the pairs
involved in line mixing are listed in the last column of the
table. However, there appears to be no correlation between
the line separations and the line mixing coefficients.

3.4. Comparison with other measurements and databases

In Fig. 7 the measured air-broadening and pressure-
induced shift coefficients from the present work are
plotted vs. m again along with the 47 previous measure-
ments of the same parameters reported by Rinsland et al.
[18]. Since the v, results in Ref. [18] were based on the five
room-temperature spectra listed in Table 1 of this paper, it
is not surprising that there is good agreement between the
two sets of measurements. However, the width and shift
values from the present study have considerably smaller
uncertainties and include 154 transitions, more than three
times the number reported in Ref. [18].

Since there are no previous measurements of self-
broadened half width or shift coefficients in the v, band,
or of the temperature dependences of air- or self-
broadened widths or shifts in this band, the present results
plotted in Figs. 5 and 6 cannot be compared with other
experimental results in the same band. Similarities
between the v, and v4 results have already been noted in
the previous three sections of this discussion.

Fig. 8 compares the values resulting from the present
study with those in HITRANO4 [29] for v, air- and self-
broadened widths, the temperature dependences of the
air-broadened widths, and the air pressure-induced shifts.
The differences between HITRANO4 and the measured
values for v, are similar to those already noted in our
previously-reported studies of the v4 band [1,2]. That is,
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Table 3
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Measured off-diagonal relaxation matrix element coefficients in the '?CH, v band and for corresponding transitions in the v4 and v,+vs bands.

Mixing pair(s) Assignments v(cm™ 1) Off-diagonal relaxation matrix element coefficients (cm~" atm~! at 296 K)
Self- broadening Air-broadening Line separation (cm~ ')
P(16) F 15F2 19<16F1 4 1399.7952 0.0283(14) 0.0261(19) 0.0523
15F1 20<16F2 4 1399.8475
0.0286(2)° 0.0300(5)° 1.1333
14A2 6<-15A11 1405.7954 0.0314(10) 0.0701
14A1 7<15A2 2 1405.8655
0.0302(4)* 0.8548
P(9) F 8F1 10<9F2 2 1448.8609 0.0204(17) 0.0231(16) 0.0402
8F2 10<9F1 3 1448.9011
0.0150(1)° 0.0175(0) 0.6834
P(7) F 6F2 8<7F1 2 1465.7127 0.0064(1) 0.0049(1) 0.2403
6F1 8<7F2 2 1465.9530
0.0087(1)? 0.0100(1) 1.4174
0.0079(5)° 0.0055(2)° 0.3533
P(6) F 5F2 76F1 1 1474.6905 0.0053(1) 0.0038(1) 0.0779
5F1 7<6F2 2 1474.7684
0.0098(1)? 0.0101(1) 0.6085
R(5) F 6F2 7<5F1 2 1599.0110 0.0090(1) 0.0128(3) 0.5484
6F1 7<5F2 1 1599.5594
0.0048(1)° 0.0067(0)° 0.6351
R(6) F 7F2 8<6F1 1 1610.5960 0.0105(1) 0.0131(1) 01819
7F1 8<6F2 2 1610.7779
0.0093(1)? 0.0108(0)° 0.1809
0.0088(4)° 0.0079(2)° 0.1693
R(6) A 7A2 3<6A1 1 1610.0914 0.0151(1) 0.0154(2) 0.8596
7A1 3<6A2 1 1610.9510
0.0210(1)° 0.0198(0)° 1.0325
0.0169(11)° 0.0178(5)" 0.9873
R(7) F 8F2 9<7F1 2 1621.8622 0.0126(1) 0.0166(4) 0.3538
8F1 9« 7F2 2 1622.2160
R(8) F 9F1 10<8F2 2 1633.1507 0.0154(1) 0.0188(3) 0.4155
9F2 10-8F1 2 1633.5662
0.0165(2)° 0.0143(1)° 0.4685
Assignments and positions (columns 2 and 3) are listed only for the v, transitions.
2 vy band [1,2].
by, 4vs band [16].
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0.09
0.08 ° 0.010 ", i
£ o007 0o SoMEg.o _ oo 3 ; %oi g
20 L 8@!89 oﬁgoo < E 03i2 0 ©
2o L 8 Qa e 8 a (¢) & 0000 — Q —_———— %————
& 006 o8e%58°0 3 e 9 o
8% [ 000 § o8 0% getey  STNSR o
8T oos[ g8 g o | £% 00052 % 0883 . B égg g
£E g ¢ ‘0 3 SE 3 ‘} 6005 88 o
S® 004+ 8 ©g £ E -0010F %o
z< - %8 = £ o °
E E__ 0.03 C © O Present Work 8 : g 0.015
0.02 I o ° @® Rinsland et al., 1988 < & 20.020 :_ 2 :::;:Lv:f:f 1088 5
[0 X0 [ I T INEIN I I I WA W W N 20.025 T T R e
-6 12 -8 4 0 4 8 12 16 16 12 -8 -4 0 4 8 12 16

Fig. 7. Measured '2CH, v, air-broadened half width (a) and shift (b) coefficients (open symbols) compared to the previous measurements of Rinsland et al.

[18] (solid symbols).

the observed air-widths and shifts have a wider range of
values than HITRANO4, the air-width temperature expo-
nents are nearly all larger than the HITRANO4 values, and
most of the measured self-broadened widths are smaller
than the HITRANO4 values. As was the case for vy, NO
comparisons with HITRANO8 [35], or HITRAN 2012 [36]
need to be done because the v, measured broadening and
shifting parameters from the present study were included

in the 2008 edition of the database [35] and carried
forward to the 2012 edition [9,36].

We note that, although the broadening and shift para-
meters and temperature dependences from the present
study and Refs. [1-3] were determined through multi-
spectrum fits that included line mixing, HITRAN [36] and
other widely-used molecular databases currently do not
list mixing parameters for methane. Tran et al. [38] have
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to-one ratio.

examined for the CH4 2v3 band how small residuals in
atmospheric retrievals may arise from the use of Voigt
profiles without line mixing in forward-model calculations
with width and shift parameters that were determined
from laboratory spectra using line mixing. One possible
solution they discuss is the development of effective (ad
hoc) width and shift parameters to be used with the Voigt
line shape model. Additional study and discussion is
needed to develop solutions that will meet the needs of
the community of spectroscopic database users.

3.5. Summary and conclusion

A multispectrum nonlinear least squares fitting proce-
dure was used to analyze 29 spectra in the 1400-
1645 cm ! region to obtain spectroscopic parameters for
154 transitions in the v, '>CH4 band. Lorentz air- and self-

broadened half width and air- and self-induced pressure
shift coefficients, as well as their temperature depen-
dences between 226 and 297 K, were determined for at
least 127 of these transitions. The present study represents
the first experimental determination of self-broadened
half width and self-induced pressure shift coefficients for
the v, CH4 transitions, as well as the first determinations of
temperature dependences of air- and self-broadened half
width and pressure-induced shift coefficients in this band.
The present analysis also provided accurate values for line
positions and absolute line intensities which compare well
with the values provided in the three most recent editions
of the HITRAN database. Line mixing parameters for both
air- and self broadening were determined for the first time
in this band (for 10 pairs of transitions). The mixing para-
meters (off-diagonal relaxation matrix element coefficients)
experimentally determined for the v, 2CH, band are in
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reasonable agreement with those determined for transi-
tions with similar rotational quanta in the v4 bands of '>CH,
and 3CH,4 as well as in the v,+v3; band of ?CH,. The
present results should be useful to develop more accurate
theoretical models for methane line shapes in the v, and
other bands, leading to better understanding of collisional
effects in methane and similar tetrahedral molecules.
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