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Accurate values for line positions, absolute line intensities, self-broadened half width

and self-pressure-induced shift coefficients have been measured for over 400 allowed

and forbidden transitions in the n4 band of methane (12CH4). Temperature dependences

of half width and pressure-induced shift coefficients were also determined for many of

these transitions. The spectra used in this study were recorded at temperatures between

210 and 314 K using the National Solar Observatory’s 1 m Fourier transform spectro-

meter at the McMath-Pierce solar telescope. The complete data set included 60 high-

resolution (0.006–0.01 cm�1) absorption spectra of pure methane and methane mixed

with dry air. The analysis was performed using a multispectrum nonlinear least squares

curve fitting technique where a number of spectra (20 or more) were fit simultaneously

in spectral intervals 5–15 cm�1 wide. In addition to the line broadening and shift

parameters, line mixing coefficients (using the off-diagonal relaxation matrix element

formalism) were determined for more than 50 A-, E-, and F-species transition pairs in J

manifolds of the P- and R-branches. The measured self-broadened half width and self-

shift coefficients, their temperature dependences and the line mixing parameters are

compared to self-broadening results available in the literature and to air-broadened

parameters determined for these transitions from the same set of spectra.

Published by Elsevier Ltd.
1. Introduction

Accurate experimental measurements of spectroscopic
line parameters of methane are critical for both remote
sensing of the Earth’s atmosphere and the atmospheres of
other planetary bodies such as Jupiter, Saturn, and Titan.
Knowledge of self-broadened methane line parameters is
important for the analysis of remote-sensing data for
situations where the methane concentration is high, for
example, the atmosphere of Titan, or a terrestrial
industrial environment. Self-broadened methane parameters
Ltd.

: +1 757 864 7790.

.A.H. Smith).
are also important for understanding the performance of
gas filter correlation radiometers for Earth remote
sensing. In a recent paper [1] we reported new measure-
ments of air-broadened line widths, pressure-induced
shifts, temperature dependences, and line mixing para-
meters in the n4 band of 12CH4, based on multispectrum
analysis of a set of 60 high-resolution self- and air-
broadened methane spectra recorded with the 1 m Fourier
transform interferometer at the McMath-Pierce facility of
the National Solar Observatory on Kitt Peak. In the present
paper we report the self-broadening parameters resulting
from that same analysis.

As seen in the reviews of Smith et al. [2,3], measure-
ments of methane line widths and shifts for self-broad-
ening have been made less often than those for
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Table 1
Summary of recent (1990 and later) high-resolution measurements of self-broadened line widths and shifts and line shapes in the infrared bands of 12CH4.

Reference Band Experimental
technique

Line shape
used

Broadening
Gas (es)

# of Widths
(spectral range)

# of shifts
(spectral range)

Temperature
range

Speed dependence/other

Millot et al.

(1991) [4]

Raman 2n2 Stimulated inverse

Raman

spectroscopy

Voigt CH4, Ar, He 13 Q lines (3063–3067 cm–1) 13 Q lines

(3063–3067 cm�1)

296 K Dicke narrowing assessed

Pine (1992) [5] n3 Difference

frequency laser

Rautian CH4, N2, O2,

H2, Ar, He

66 Q lines (3012–3019 cm–1) 66 Q lines

(3012–3019 cm�1)

Room

temperature

Dicke narrowing,

Rosenkranz line mixing

Boussin et al. (1998)

[6]

1.66mm FTS Voigt CH4 40 unassigned lines

(5500–6180 cm�1)

Room

temperature

Birnbaum et al.

(2002) [7]

n4 FTS Lorentz CH4, H2 Absorption coefficients in

microwindows

(1300�1360 cm�1)

295 K Rosenkranz line mixing

Grigoriev et al. (2002)

[8]

n3 FTS Voigt CH4, He R17�R22 clusters

(3182�3225 cm�1)

296.3 K Line mixing

Hurtmans et al.

(2002) [9]

2n3 Diode laser Voigt and Soft

collision model

CH4 R0 and R3 (�6016, 6047 cm�1) Room

temperature

Dicke narrowing

Pine and Gabard

(2003) [10]

n3 Difference

frequency laser

Voigt H2, He, N2,

O2, Ar , CH4

66 Q lines (3012–3019 cm�1) 66 Q lines

(3012–3019 cm�1)

296 K Dicke narrowing,

Rosenkranz line mixing,

Speed dependence

Gharavi and Buckley

(2005) [11]

2n3 Diode laser Voigt CH4, CO2,

N2, H2O, CO

(�6046, 6057 cm–1) 296–908 K Temperature dependence

Mondelain et al.

(2005) [12]

n2+n4 Diode laser Soft and hard

collision models

CH4, N2, O2,

air (calc.)

4 lines, R branch

(2914�2922 cm–1)

4 lines, R branch

(2914–2922 cm–1)

Room

temperature

Dicke narrowing, speed

dependence

Predoi-Cross

et al. (2005) [13]

octad bands FTS Voigt CH4 (4100–4635 cm–1) Over 1000 lines

(4100–4635 cm–1)

Room

temperature

Lep�ere (2006) [14] n4 Diode laser Voigt, Hard

collision model

CH4 42 lines (1253–1368 cm�1) Room

temperature

Dicke narrowing

Menard-Bourcin

et al. (2007) [15]

(J=1) Rotational

lines in 2n3 state

Double resonance Rotational

relaxation rate

coefficients

CH4, N2 4 lines Room

temperature to

100 K

Temperature dependence

Predoi-Cross

et al. (2007) [16]

n2+n3 FTS Speed-dependent

Voigt

CH4, air 36 lines 36 lines Room

temperature

Line mixing
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broadening by foreign gases. Table 1 summarizes 12CH4

self-broadening measurements, regardless of band
system, reported since 1990 [4–16]. Most self-
broadening measurements of the n4 band published
before the mid-1980s were conducted using grating
spectrometers [17,18]. The first reported high-resolution
study of self-broadening in the n4 band is the FTS study of
the R-branch transitions by Ballard and Johnston [19] in
the 1310 to 1376 cm�1 spectral range. Using spectra
acquired with a tunable diode laser spectrometer, Lep�ere
[14] determined self-broadened half width coefficients for
42 lines in the P-, Q- and R-branches of the n4 band
between 1253 and 1368 cm�1. The recent measurements
cited above were all carried out at room temperature.

The primary goal of the present study was to perform a
simultaneous multispectrum analysis of the n4 spectral
region of methane including high-J transitions, using
spectra recorded at various experimental conditions of
pressures and temperatures. Our aim was to determine an
accurate and consistent set of spectral line parameters
useful for interpreting remote-sensing measurements of
the Earth’s atmosphere. These parameters include line
positions, intensities, air- and self-broadened half width
and pressure-induced shift coefficients, as well as the
temperature dependences of these width and shift
coefficients. Line mixing coefficients (using the off-
diagonal relaxation matrix elements formalism) for more
than 50 pairs of transitions in the A-, E- and F-symmetry
species were also determined for both air-and self-
broadening. Since the line intensities and Lorentz widths
are highly correlated, to determine reliable line intensity
values it is vital to measure accurately the self-broadening
parameters of as many transitions as possible. The
experimental details and analysis procedure, along with
the air-broadening results, have been reported in a
Table 2
Summary of experimental conditions of the CH4 spectra.

Temperature (K) Gas mixture CH4 volume mixing ratio

294.5–295.9 CH4 1.0

299.8 CH4 1.0

313.1–313.7 CH4 in Air 0.011

303.5 CH4 1.0

299.5 CH4 in Air 0.011

295.8 CH4 1.0

297.4–297.5 CH4 in Air 0.0272–0.0275

275.1 CH4 in Air 0.007

257.6–256.9 CH4 in Air 0.0042

240.1–239.7 CH4 in Air 0.0043

223.1–222.8 CH4 in Air 0.0042–0.0044

211.6–210.2 CH4 in Air 0.0042–0.0044

272.5 CH4 1.0

272.5–272.4 CH4 in Air 0.33

254.4–253.9 CH4 1.0

254.0 CH4 1.0

253.8 CH4 in Air 0.304

252.9–250.5 CH4 in Air 0.16–0.30

240.7–240.6 CH4 in Air 0.30–0.35

232.7–232.6 CH4 1.0

232.6 CH4 in Air 0.31

225.9 CH4 1.0

Note: 760 Torr=1 atm=101.325 kPa.
� Spectra previously analyzed in Ref. [20].
previous paper [1]. In the present paper we report the
self-broadening parameters and line positions and in-
tensities measured in the n4 band.

2. Experiment

Details of the experiment are given in Ref. [1] and are
briefly summarized here. This study involves 60 spectra
recorded over a 19 year period using the same spectro-
meter and very similar experimental setups. The McMath-
Pierce Fourier transform spectrometer (FTS) was used to
record all of the spectra analyzed in the present study, and
the experimental conditions are summarized in Table 2
(repeated from Ref. [1] for convenience of the reader). The
unapodized resolution of the spectra was 0.006–
0.010 cm�1 (defined as 1/(2L) for the McMath-Pierce
FTS, where L is the maximum optical path difference).
An InAs filter was used to limit the spectral band pass to
the 500–2850 cm�1 range, and each spectrum was
obtained by co-adding 12 or more interferograms for
approximately 60 to 90 minutes of integration time. A KCl
beam splitter, arsenic-doped Si detectors, and a glower
radiation source were used in all of the experiments. The
present study includes most of the air- and self-
broadened spectral data analyzed in a previous
investigation [20]. Although these spectra were recorded
at different times, the optical setup of the spectrometer
was consistent, and we were careful to have the relevant
pressure gauges and temperature sensors calibrated
before each experimental run. Aside from a small drift
in the frequency calibration correction over the 19-year
span of the spectral recordings, there were no detectable
changes in the instrument line shape or other factors that
might affect the precision of the measurements. As
explained in Section 3, all spectra used for the fits are
Path (m) Pressure range (Torr) Number of spectra

0.00958 7.0–453.3 5

0.050 0.90 1�

0.050 200.0–550.1 5�

0.250 0.73 1

0.250 50.2–425.6 4�

1.50 1.18 1�

1.50 199.6–425.0 4�

0.500 100.7–300.8 3�

0.500 141.1–340.1 3�

0.500 140.6–338.3 3�

0.500 140.9–340.7 3�

0.500 140.1–335.7 4�

0.500 301.0 1

0.500 177.0–452.8 3

0.500 209.0–645.0 3

0.500 11.0 1

0.500 229.1–509.2 2

0.500 140.2–520.1 5

0.500 99.2–328.2 3

0.500 128.5–370.5 3

0.500 418.6 1

0.500 643.0 1
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calibrated using the same reference lines, and the fitting
software handles independently the normally-varying
differences from one FTS spectrum to another, such as
zero and 100% transmission levels, phase error
corrections, channel spectra, and resolution.

Spectra at temperatures between 210 and 275 K were
recorded using a 50.0 cm long coolable absorption cell
[20], while the room-temperature spectra analyzed in this
study were recorded using cells with lengths of 150.0,
25.0, 5.00, and 0.0958 cm. The self-broadened methane
spectra obtained with the shortest cells were essential for
determining the self-broadening coefficients of the strong
methane lines (especially low-J n4 transitions), while the
pure methane and high-abundance air-broadened
methane spectra recorded with the 50 cm cell allowed
us to extend our measurements to higher values of J than
the previous study [20] in both the P and R branches of
the n4 band and to the n2 spectral region as well. The
spectroscopic line parameters obtained for the n2 band
will be reported in a subsequent publication.
3. Data analysis

For uniformity and consistency in the wavelength
scales, the positions of n2 water vapor lines [21] were
used to calibrate all spectra. After calibrating the
wavelength scales of all spectra the multispectrum fitting
technique was used to simultaneously fit spectral inter-
vals of appropriate width (5–15 cm�1) in several spectra.
In most spectral regions 45–55 spectra were fit simulta-
neously. In spectral regions where methane absorption is
weak (e.g., 1120–1200 cm–1) it was necessary to fit
spectra with higher CH4 abundances. In regions of strong
absorption, fitting only the spectra with smaller abun-
dances was found to be adequate.

In the analysis, the differences between the experi-
mental and calculated spectra were minimized by
adjusting the values for the various spectral line para-
meters. Errors that usually result from using inaccurate
values of self-broadened half width coefficients were
minimized by retrieving both the intensity and the self-
broadened half width coefficient simultaneously for each
measured transition.

The widths of the spectral intervals as well as the
number of spectra used in each multispectrum fit were
chosen appropriately to ensure that the 100% transmis-
sion level was well determined in each spectrum. Where
water vapor lines appeared in an interval it was not
always possible to fit these water lines satisfactorily
because in some cases the amount of water varied with
time during the recording of a spectrum. The zero percent
absorption level for each spectrum was modeled using
appropriate polynomial expressions, and initial values of
the spectral line parameters were taken from the
HITRAN04 database [22]. Free parameters in the fits also
included the amplitudes and periods of channel spectra
arising from optics used in the experimental set ups. In
addition, the FTS instrumental line shape (a sinc function
with input aperture corrections) and residual phase
errors, if any, were also modeled satisfactorily.
The multispectrum nonlinear least squares technique
fitted both self- and air-broadened spectra simultaneously
and thus the self- and air-broadening and shift para-
meters were retrieved together. Eq. (1) through (3)
describe how these parameters are defined in the fitting
algorithm.

bLðp; TÞ ¼ p b0
L ðairÞðp0; T0Þð1�wÞ

T0

T

� �n1

þb0
L ðself Þðp0; T0Þw

T0

T

� �n2
" #

ð1Þ

n¼ n0þp½d0
ðairÞð1�wÞþd0

ðself Þw� ð2Þ

d0
ðTÞ ¼ d0

ðT0Þþd0ðT�T0Þ ð3Þ

In the above equations b0
L and d0 represent pressure

broadened half width and pressure-induced shift coeffi-
cients (in units of cm�1atm�1 at 296 K). bL (p, T) is the
Lorentz half width (in cm�1) of the spectral line at
pressure p and temperature T. bL

0(Gas)(p0, T0) is the
Lorentz half width coefficient at the reference pressure p0

(1 atm and temperature T0 (296 K) of the broadening gas
(either air or methane). w is the ratio of the partial
pressure of methane to the total sample pressure in the
cell.

Lorentz half width coefficients for transitions that were
not measured in the present work were fixed to values
reported in the HITRAN04 database [22]. An initial value
of 0.002 cm�1 atm�1 was used as the self-shift coefficient
for all transitions because no prior knowledge of their
self-shift coefficients was available when the analysis was
begun. Values of the air-broadening temperature expo-
nent from the HITRAN database were assumed as initial
values for both the air- and self-broadening exponents
(n1=n2), and initial values of the temperature-dependence
of both air- and self-shifts were set at zero. The broad-
ening and shift parameters were floated (adjusted) for
hundreds of transitions in the least squares fits and the
retrieved values are listed in the Appendix.

Fig. 1 shows the observed spectra and residuals from
the multispectrum fit of 33 air- and self-broadened
methane spectra in the interval containing the R(0) n4
12CH4 transition. The spectra were recorded at
temperatures between 210 and 314 K at total sample
pressures between 50 and 550 torr. The least squares
solutions are weighted in the analysis by assigning a
weight of 1.0 to the spectrum with the highest signal-
to-noise ratio, and adjusting the weighted contributions
from all other spectra relative to their respective signal-
to-noise ratios. As stated in Ref. [1] the signal-to-noise
ratios of most of the spectra analyzed were close to 1000.
Differences in signal-to-noise were largely related to the
number of interferograms coadded over a 60- to 90-
minute period to produce each spectrum. As seen in the
upper panel of Fig. 1, the weighted fit residuals,
determined using a Voigt line shape, do not show any
systematic discrepancy that would require modeling
additional line shape effects such as speed dependence,
Dicke narrowing, or line mixing with transitions from
other n4 R-branch manifolds.

The consistency achieved in wavelength calibration of
all the spectra and the multispectrum fitting technique
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Fig. 1. Observed spectra (lower panel) and residuals (upper panel) from a multispectrum fit of 33 self- and air-broadened CH4 spectra in the interval

containing the n4 R(0) transition of 12CH4. The maximum pressure is 550 torr for air-broadened spectra and 453 torr for self-broadened spectra. Colored

curves represent different subsets of spectra as follows: Red: 2.6% CH4 in air at 298 K, 150 cm; blue: pure CH4 at 298 K, 0.958 cm; black: 1.0% CH4 in air at

299 K, 25 cm; pink: 1.0% CH4 in air at 314 K, 5.0 cm; cyan: 0.5% CH4 in air at 275 K, 50 cm; dark green, dark blue, light green: 0.3% CH4 in air, 50 cm, at 257,

223, and 211 K, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M.A.H. Smith et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1152–11661156
enabled us to retrieve accurate line center-positions for all
measured lines. Accurate pressure measurements (espe-
cially for the self-broadened spectra) have resulted in the
determinations of both intensities and self-broadened half
width coefficients thus reducing the high correlation
between these two parameters. Temperature dependences
were determined for both self-broadened half width and
self-shift coefficients using self-broadened spectra at
various optical densities and temperatures. The optical
densities in the self-broadened spectra recorded at cold
temperatures using the 50 cm path were too high to fit the
strong low J transitions. The 0.958 cm spectra listed in
Table 2 were optimum for strong low and medium J

transitions, but this cell was not coolable. Therefore, it was
not possible to determine the temperature dependences of
self-broadened half width and self-induced pressure-shift
coefficients in some spectral intervals. However, we were
able to determine the temperature dependences of widths
and shifts for more than 200 transitions.
4. Results

4.1. Positions and intensities

The results for positions, intensities, self-broadening
(widths, shifts and their temperature dependences) and
other line parameters in the n4 band from the present work
are listed in the Appendix. The measurements include both
the allowed and the forbidden n4 transitions. The forbidden
transitions (arising from Coriolis interactions between the n2
and n4 states) are indicated with an asterisk (*) in the column
listing the measured line positions. These forbidden transi-
tions are generally 2 to 3 orders of magnitude weaker than
the allowed transitions. The measured line intensities from
the present work are compared with those listed in the
HITRAN04 database [22] and plotted in Fig. 2. The ratios of
line intensities from the present work to those given in Ref.
[22] were all close to 1.0, and the mean and standard
deviation of these ratios is 1.00070.026. The line intensities
from the present work are more accurate and extensive than
most previous measurements because of the simultaneous
determination of both intensities and self-broadened half
width coefficients and because of the higher optical densities
of some of the spectra used in the analysis. The precision in
line intensities for most measured transitions is high
(50.5%); nevertheless systematic errors, although
minimized in the multispectrum fits, may contribute a
sizable amount to the absolute accuracy (�1%) of the
measured intensities. The listed intensities correspond to a
methane sample at a natural isotopologue abundance of
12CH4, 0.988274 [22]. The present study does not report
results for Q branch transitions. However, a separate study
involving line mixing and other line parameters for the
Q branch is underway.
4.2. Self-broadened half width and pressure-induced shift

coefficients

The broadening and shift parameters determined by
multispectrum fitting for over 400 transitions in the n4
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Fig. 2. Measured line intensities plotted against those reported in the HITRAN04 database [22].

Fig. 3. Measured self-broadened half width coefficients, b0
L (a), temperature exponents of the widths, n (b), pressure-induced shifts, d0 (c), and

temperature-dependence coefficients of the shifts, d0 (d) for the n4 band of 12CH4, all plotted as a function of m. Different symbols are used for the A-, E-

and F-species transitions. Where error bars are not visible the uncertainties are smaller than the size of the symbol used. The plotted values are tabulated

in Appendix A.

M.A.H. Smith et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1152–1166 1157
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band of 12CH4 are listed in the Appendix and presented
graphically in Fig. 3. The results listed in the Appendix are
not sorted in terms of line positions or the rotational
quantum number J but are sorted in terms of |m| (m=–J, J

and J+1 for P, Q and R transitions, respectively). This table
format is similar to that used in our previous paper
reporting n4 air-broadening results [1] and recent
measurements in the methane octad region [13,23]. The
first column lists values for |m|, the second column
denotes the type of transition (R, Q or P), and the third
column lists the vibrational code (vb=3) used to identify
each band. The next few columns list the upper and
lower-state quantum numbers: J, n, and C (A1, A2, F1, F2,
E) where the prime denotes the upper state while the
double prime denotes the lower state. The last three
columns give the measured line positions (in cm�1), the
self-broadened half width coefficients, and the self-
induced pressure shift coefficients. The statistical
uncertainties in the measured quantities are given in
parentheses and correspond to one standard deviation of
uncertainty in units of the last quoted digit; the errors
are given in percent for the intensities. Only those
transitions whose intensities are larger than 1.0�10–23

cm–1/ (molecule cm–2) at 296 K are retained in the
Appendix. The statistical uncertainties in the measured
self-broadened width coefficients are less than 1% for the
strong unblended lines and less than 10% for most of the
weaker high J transitions. Self-shift coefficients are
presented only for those transitions for which self-
broadened widths were also determined.
Table 3
Mean self-broadened half width and pressure-induced shift coefficients and the

band of 12CH4.

|m| Species Widthsa and std. dev. n2
b and std. dev.

1 A 0.0789 0.47

2 F 0.0807 0.48

3 E 0.0727

3 A 0.0786

3 F 0.0821(10) 0.79(2)

4 E 0.0749

4 A 0.0775(35)

4 F 0.0827(26)

5 E 0.0720(12) 0.32(27)

5 A 0.0759

5 F 0.0808(23) 0.24(18)

6 E 0.0732(48) 0.72(13)

6 A 0.0779 0.70

6 F 0.0802(13) 0.63(15)

7 E 0.0681(59) 0.10(1)

7 A 0.0761(11) 0.15(1)

7 F 0.0789(17) 0.26(14)

8 E 0.0657(45) �0.36(2)

8 A 0.0744(0) 0.11(1)

8 F 0.0777(23) 0.02(20)

9 E 0.0685(43) �0.02(1)

9 A 0.0743(45) �0.06(1)

9 F 0.0748(24) �0.07(4)

For |m| and species where more than one line was measured, standard deviati
a Widths and shifts correspond to self-broadened half width and self-indu

from P and R lines of allowed transitions only. The units are cm�1 atm�1 at 29
b The temperature dependence exponents of the self-broadened half width
c The temperature dependence coefficients of the self-shifts (d0) are in cm�
In Table 3 the average measured Lorentz self-
broadened half width and self-induced pressure shift
coefficients and their temperature dependences for
transitions up to |m|=9 are listed to see if any specific
patterns are discernable. The number of lines used in
determining the average values is given under the last
column. For low-J transitions, only a few measurements
are available for each symmetry species (A-, E- or F-
species). All available lines in a given symmetry species
irrespective of their C00, n00 (or C0, n0) are grouped together
to compute the average. For all |m| and symmetry species
with more than one measurement, the mean values and
the one sigma standard deviation in the last quoted digits
of the measured values are listed. Large standard
deviations in the half width coefficients are due to
different values for various C00 and n00 (e.g., E transitions
for |m|=8). The C and n values for each transition are given
in the Appendix. The large ranges of measured values for
the higher |m| transitions suggest that the use of the mean
values in Table 3 (instead of the line by line measured
values) may degrade the accuracy of calculated spectra to
some extent, depending on the physical conditions of the
spectra being modeled.

Since self-broadened spectra at low temperatures were
available only with a path length of 50 cm, the measured
n2 and d0 could not be precisely determined for strong
low-J transitions. This point is clear from values reported
under columns 4 and 6 in Table 3. The half width and
pressure-induced shift coefficients are given in units of
cm�1atm�1 at 296 K. Generally, values listed in Table 3
ir temperature dependences for allowed transitions with |m|r9 in the n4

Shiftsa and std. dev. d0(�103)c and std. dev. # lines

�0.0023 0.18 1

�0.0029 0.13 1

�0.0027 1

�0.0058 1

�0.0045(3) 0.002(18) 3

�0.0056 1

�0.0030(3) 2

�0.0030(10) 4

�0.0046(8) �0.005(10) 2

�0.0016 1

�0.0038(11) �0.030(81) 5

�0.0035(0) �0.165(55) 2

�0.0041 0.109 1

�0.0033(4) 0.016(198) 6

�0.0050(15) 0.187(5) 2

�0.0030(14) �0.083(6) 3

�0.0032(11) 0.025(118) 7

�0.0042(14) 0.347(12) 3

�0.0041(7) �0.294(14) 2

�0.0041(9) �0.127(226) 8

�0.0044(12) �0.014(3) 3

�0.0044(5) 0.195(260) 3

�0.0024(8) 0.091(320) 9

ons are given in parentheses in units of the last digit quoted.
ced shift coefficients. The means and standard deviations are computed

6 K.

s (n2) are unitless (see text for details).
1 atm�1 K�1.
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indicate that for all symmetry-species transitions, the
self-broadened half width coefficients show a small rise
from |m|=1 to � |m|=5 and then slowly decrease with
higher |m|. Self-shift coefficients are negative and range
from �0.002 to �0.005 cm�1 atm–1 at 296 K. No clear
pattern with |m| or symmetry-type is recognizable. The
values for n2 and d0 could not be accurately determined for
all transitions for reasons discussed above. However,
similar to previous measurements of the temperature
dependence exponents of other molecular species, such as
H2O and HCN, there are indications of negative tempera-
ture dependence exponents for transitions with high J

where the low-temperature spectra with the 50-cm path
were required and could be included in the multispec-
trum fits (see entries for |m|=9 in Table 3 and in the
Appendix). Further studies of temperature-dependence of
self-broadening using coolable cells with short absorption
paths are required to confirm this observation.

The measured self-broadened half width coefficients
are plotted in Fig. 3(a) where the half width coefficients
are separated in terms of A-, E-, and F-species transitions
and plotted as a function of m. The E-species transitions
have the smallest broadening coefficients for all values of
m. This behavior has been observed in several previous
studies of methane broadened by other gases (for
example Refs. [1,20]). The measured self-broadened half
width coefficients vary between �0.085 cm�1 atm�1 at
296 K (corresponding to |m|=5) and �0.025 cm�1 atm�1

at 296 K (corresponding to |m|=17 or 18). The other
panels of Fig. 3 show the corresponding self-broadening
temperature dependence exponents (b), self-induced
shifts (c), and temperature dependences of the self-
induced shifts (d). The measurements shown in the figure
include both allowed and forbidden n4 transitions.
Forbidden transitions have been marked with an asterisk
(*) in the Appendix although no effort was made to
indicate them separately in the figures.

It is possible to make some comparisons of the n4 self-
broadened half width coefficients from the present work
with those from other recent high-resolution studies in
the n4 and other bands. The most extensive of these are
the works of Ballard and Johnston [19] and Lep�ere [14] in
the n4 band, Pine [5] in the n3 band, and Predoi-Cross et al.
[13,16] in the octad region. In Fig. 4 the ratios of self-
broadened half width coefficients reported in Refs.
[5,13,14,19] divided by values obtained in the present
work are plotted versus m in panel (a) for other
measurements in the n4 band and in panel (b) for self-
broadening measurements in other bands. For clarity, the
m values have been shifted by small amounts (e.g., m+0.3,
m�0.3) for each data set. For the measurements of Lep�ere
[14], separate ratios of measured half width coefficients
using Voigt profile and Rautian profile have been
computed and plotted in panel (a). The results from Pine
[5] shown in panel (b) correspond to measured self-
broadened half width coefficients in the Q branch of the
n3 band assuming a Dicke narrowed, hard collision
Rautian line shape. From Fig. 4(b) we can see that the
overall J dependences of the self-broadened halfwidths
are consistent for the three vibration-rotation bands, even
if the line assignments differ. The mean and standard
deviation of the ratios in the n4 cases are 1.0470.04 [19],
1.1270.09 Voigt [14] and 1.0370.08 Rautian [14], while
for the other bands the means and standard deviations of
the ratios are 1.0570.09 for n3 [5] and 0.9970.03 for
n1+n4 [13]. The error bars shown in Fig. 4 are dominated
mostly by uncertainties in the other measurements
[5,13,14,19], which are generally small except for a few
weaker transitions. We note that our present results cover
a larger number of transitions with a wider range of
J values (J00r19) than the previous studies (J00r13).

In Fig. 5 all measured n4 self-broadened half width
coefficients retrieved in the present work are plotted
against the corresponding values available in the
HITRAN04 database [22]. It is clear from Fig. 5 that most
of the self-broadened half width coefficients listed in the
HITRAN04 database [22], which are fitted and extra-
polated values based primarily on the measurements of
Ref. [19] for the R-branch of the n4 band (see Fig. 4 (a)),
are larger than the present measured values. The present
results were provided to the HITRAN database for in-
corporation into the 2008 update [24], so a comparison
with that edition of the database is not possible.

As noted in the introduction all line parameters
pertaining to both self- and air-broadening were retrieved
from the same dataset. Because of the large number of
transitions measured, we have reported the results for air-
broadening [1] separately. In Fig. 6 we compare the
measured self- and air-broadened half width coefficients
in the n4 band of 12CH4 obtained from multispectrum
fitting of the same set of spectra. The ratio of self- to air-
broadened half width coefficient for the same transition is
plotted as a function of m, with separate symbols
indicating for the A-, E- and F-species lines. It is a
known fact that the ratio of self- to air-broadened half
width (or self- to any foreign-gas broadening) coefficient
in any infrared band of a molecule is dependent upon the
particular transition involved and hence varies from line
to line. In Fig. 6 this ratio ranges from �0.9 to 1.7 with the
majority of the ratios between 1.0 and 1.5.

Fig. 3(b) shows the temperature dependence expo-
nents of the self-broadened half width coefficients n (=n2)
as a function of m where the measured values are plotted
for the A-, E-, and F-species transitions using different
symbols. We note that for each n4 transition, the self-
broadening temperature dependence exponent n2 is
almost always smaller than the air-broadening tempera-
ture dependence exponent n1 reported in Ref. [1]. Almost
all measured values of n2 are less than 1.0, and for a
number of transitions the values are even less than zero
(negative-valued temperature dependence exponents
have previously been reported in self-broadening studies
of water vapor and hydrogen cyanide transitions [25–27]).
Similar to the self-broadened half width coefficients
plotted in Fig. 3(a), the temperature dependence expo-
nents plotted in Fig. 3(b) show a wide range of values at
each m, and over the entire band the values range from
1 to ��0.6. No previous measurements have been
reported for the temperature dependence of self-broa-
dened half widths for the n4 band, and therefore, no
comparisons could be made. Varanasi and Tejwani [17]
have theoretically calculated the temperature dependence
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Fig. 4. (a) Ratios of measured n4 self-broadened width coefficients from other studies [14,19] to values from present work, plotted vs. m. (b) Ratios of

measured self-broadened width coefficients from other bands [5,13] to n4 values from present work, plotted vs. m. For clarity in both panels, the plotted

points are shifted horizontally by small amounts (m70.3).
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of line widths (n) for methane self-broadening for m from
1 to 51. These calculated n values range between
approximately 0.38 and 0.63, and the |m|-dependence
shows very little correlation to the present measured
values shown in Fig. 3(b). To our knowledge, the present
measurements are the first high-resolution experimental
measurements of the temperature dependence of self-
broadened half width coefficients in the n4 band. Low-
temperature experimental measurements of self-broa-
dened methane half widths have been reported for a few
lines in the n3 band [28,29], several lines in the 2n3 band
[30,31], and for four rotational lines in the 2n3 state [15].
Gharavi and Buckley [11], on the other hand, reported
high resolution measurements of collision-broadened half
width coefficients in the R(3) and R(4) manifolds of the
2n3 band of methane for several broadening gases
(N2, H2O, CO2, CH4 and CO) over the temperature range
from 296 to 908 K. Our present measurements in the
n4 band agree with the n values reported in these other
studies, within the absolute uncertainties of each mea-
surement set. Since the self-broadened spectra used in the
present study did not contain sufficient range in sample
temperature conditions for low J transitions in the
n4 band, our measured temperature dependences of half
width and pressure-induced shift coefficients for these
strong lines should be considered as only approximate.
Low temperature self-broadened spectra recorded with
shorter path lengths (1–10 cm) and a larger temperature
range should be useful to retrieve the temperature
dependence parameters for these strong transitions.

The measured self-shift coefficients d0(self) are pre-
sented in the Appendix along with positions, intensities,
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Fig. 5. Measured n4
12CH4 self-broadened half width coefficients (present work) compared to HITRAN04 [22] values.

Fig. 6. Ratios of self- (present work) to air-broadened [1] width coefficients measured for the same n4
12CH4 transitions.
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and other parameters. The values of the self-shift
coefficients are plotted as a function of m in Fig. 3(c) with
different symbols indicating transitions belonging to the
A-, E-, and F-species. The self-shift coefficients are
typically negative and range from about zero to �0.012
cm�1 atm–1 at 296 K. Also, a few positive self-shift
coefficients have been observed with values up to
+0.002 cm–1 atm–1 at 296 K. The self-shift coefficients
show a large scatter at each value of m similar to the
self-broadened half width coefficients. The larger error
bars seen among the measured shift coefficients are
mostly associated with weak lines. The self-shift values
are not significantly different from the air-shift values
reported in Ref. [1], but exhibit a somewhat wider range
for each m. The mean values of the self-shifts for each |m|
are listed in Table 3; from this table it is apparent that for
strong, unblended allowed transitions, the self-shift
coefficients are generally in the range of �0.002 to
�0.005 cm–1 atm–1. There were no other measurements
of self-shifts in the n4 band available for comparison, but
we note that our measured shifts show a relative
distribution with |m| that is similar to that reported for
the n1+n4 band [13], although the n4 shifts are smaller in
magnitude, as expected.

The temperature dependence coefficients of the self-
shifts, d0(self), were determined in the multispectrum
least squares fits for many of the transitions where the
temperature dependence of the self-broadened half width
was also determined. Temperature dependence coeffi-
cients not determined in the fit remained fixed to the
initial default value of zero. The measured values are
listed in the Appendix and are presented as a function of
m in Fig. 3(d) (where the values for the A-, E-, and F-
symmetry transitions are indicated by different symbols).
Both positive and negative values were obtained for
d0(self), and the range of values for each m was smaller
than for the corresponding temperature dependence
coefficients for air-shifts [1]. The majority of the values
displayed in Fig. 3(d) are found to lie within the range
72�10�4 cm�1 atm�1 K�1 which is similar to the range



ARTICLE IN PRESS

M.A.H. Smith et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1152–11661162
of values determined for the temperature dependence of
self-shift coefficients in HCN [26,27]. Since the self-shift
coefficients are small compared to the self-broadened half
width coefficients, the temperature dependence coeffi-
cients of self-shifts tend to be highly uncertain. We note
that the values for this parameter presented here should
be judged only as indicative of the upper limits of the
d0(self). For the reasons stated above for the temperature
dependence exponents of the self-broadened widths, the
temperature dependence coefficients of self-shifts for
strong lines could not be determined accurately.
4.3. Line mixing via off-diagonal relaxation matrix elements

coefficients

The mathematical representation of line mixing using
the off-diagonal relaxation matrix elements (ORME)
formalism is summarized in Eqs. (4)–(6) of Ref. [1] and
will not be repeated here. The values for ORME coeffi-
cients were determined for self-mixing in P and R branch
Fig. 7. (a) The off-diagonal relaxation matrix element (ORME) coefficients for se

of m along with the air-mixing ORME coefficients (triangles) determined in

coefficients for self-mixing are plotted against the air-mixing ORME coefficient
J-manifolds up to J00=18, and mixing pairs were analyzed
for all three symmetry-species. The measured ORME
coefficients (in units of cm�1atm�1 at 296 K) determined
for self-broadening in the present analysis are listed in
Table 4, and they are plotted in Fig. 7(a) as a function of m

along with the air-broadening ORME values [1]. In
contrast to Figs. 3 and 6, in Fig. 7(a) the A-, E-, and
F-species transitions are not indicated by different
symbols. Although the measurements seem somewhat
random in nature (Table 4), Fig. 7(a) indicates that ORME
coefficients generally increase with m for both self- and
air-mixing In Fig. 7(b) the ratios of self- to air-mixing
ORME for the same pair of transitions can be seen. For
many pairs of transitions the two sets of results are close
even though the broadening gas is different. Whatever the
broadening gas, the parameters for the corresponding
lines should be used with the same line shape model used
to retrieve these parameters from the laboratory data.
That is, line widths and shifts retrieved using a Voigt with
ORME model may produce inaccuracies in spectra
calculated using a Voigt shape without line mixing. For
lf mixing determined from present work (circles) are plotted as a function

the same analysis of the n4
12CH4 band [1]. (b) The measured ORME

s determined for the same transitions.
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Table 4
Off-diagonal relaxation matrix element (ORME) coefficients determined for self mixing in the n4 band of 12CH4 and comparison with n4 air mixing and

n2+n3 self mixing values.

Mixing pair(s) Assignments n(cm�1) ORME coefficientsa for n4 ORME coefficientsa from n2+n3

Self mixing Air mixing [1] Self mixing [16]

P(18) F 17F2 10’18F1 4 1159.8003 0.0338(5) 0.0336(12)

17F1 9’18F2 5 1160.3022

P(17) F 16F2 9’17F1 5 1170.4309 0.0266(4) 0.0384(10)

16F1 9’17F2 4 1171.5078

P(16) F 15F1 9’16F2 4 1180.9714 0.0286(2) 0.0300(5)

15F2 8’16F1 4 1182.1047

P(16) F 15F2 9’16F1 3 1190.2366 0.0153(5) 0.0138(8)

15F1 10’16F2 3 1191.4300

P(15) E 15E 6’16E 3 1181.5285 0.0063(1) 0.0049(3)

P(16) E 16E 7’17E 2 1181.7764

P(15) F 14F1 8’15F2 4 1191.4770 0.0299(1) 0.0304(2)

14F2 8’15F1 4 1192.0694

P(15) A 14A1 3’15A2 2 1190.9732 0.0289(2) 0.0302(4)

14A2 3’15A1 1 1192.8280

P(14) F 13F1 7’14F2 4 1201.1321 0.0207(1) 0.0264(2)

13F2 8’14F1 3 1202.4211

P(14(F) 13F1 8’14F2 3 1207.8332 0.0150(3) 0.0152(5)

13F2 9’14F1 2 1210.7839

P(13) F 12F2 7’13F1 4 1210.6728 0.0273(1) 0.0329(2)

12F1 7’13F2 3 1211.9958

P(13) F 12F1 8’13F2 2 1217.6267 0.0033(0) 0.0073(1)

12F2 8’13F1 3 1218.6270

P(12) F 11F2 6’12F1 3 1220.1905 0.0210(0) 0.0243(1)

11F1 7’12F2 3 1220.8588

P(12) F 11F2 7’12F1 2 1229.4575 0.0024(1) 0.0031(0)

11F1 9’12F2 1 1230.0849

P(12) A 11A2 2’12A1 2 1219.6488 0.0195(1) 0.0261(1) 0.0390(64)

11A1 3’12A2 1 1221.8799

P(11) F 10F2 6’11F1 3 1228.7926 0.0274(2) 0.0287(1)

10F1 6’11F2 3 1230.2891

P(10)F 9F1 5’10F2 3 1238.2721 0.0183(1) 0.0225(1)

9F2 6’10F1 2 1238.7119

P(12) F 11F2 8’12F1 1 1235.9535 0.0023(0) 0.0019(0)

P(11) F 10F1 7’11F2 2 1236.4262

P(12)A 11A2 3’12A1 1 1236.0086 0.0049(1) 0.0056(0)

P(11)A 10A1 3’11A2 1 1237.0204

P(12)E 11E 6’12E 1 1235.9249 0.0057(2) 0.0009(1)

P(11)E 10E 5’11E 1 1236.0293

P(9) A 8A1 2’9A2 1 1245.2197 0.0211(1) 0.0235(1)

8A2 2’9A1 1 1247.8232

P(9) F 8F1 5’9F2 2 1245.7692 0.0150(1) 0.0175(0)

8F2 5’9F1 3 1246.4526

P(8) F 7F1 5’8F2 2 1253.3491 0.0230(1) 0.0257(1) 0.0113(13)

7F2 4’8F1 2 1255.0003

P(8) F 7F1 5’8F2 2 1253.3491 0.0061(1) 0.0015(1)

7F1 6’8F2 1 1256.6018

P(7) F 6F2 4’7F1 2 1260.8111 0.0087(1) 0.0100(1)

6F1 4’7F2 2 1262.2285

P(7) F 6F1 5’7F2 1 1265.3736 0.0034(1)

6F2 5’7F1 1 1265.6867

P(6) F 5F2 4’6F1 1 1268.3678 0.0098(1) 0.0101(1) 0.0112(26)

5F1 3’6F2 2 1268.9763

P(6) A 5A2 2’6A1 1 1267.8224 0.0111(3) 0.0136(1)

5A1 1’6A2 1 1270.7851

P(5) F 4F2 3’5F1 2 1275.0417 0.0048(1) 0.0067(0)

4F1 3’5F2 1 1276.8444

P(4) F 3F1 3’4F2 1 1281.6106 0.0039(1) 0.0056(5)

3F2 2’4F1 1 1282.9842

P(3) F 2F1 2’3F2 1 1288.4571 0.0027(1) 0.0036(0) 0.0056(3)

2F2 2’3F1 1 1288.9510

R(3) F 4F1 1’3F2 1 1327.2568 0.0067(1) 0.0058(0) 0.0053(2)

4F2 1’3F1 1 1327.4098

R(4) F 5F1 1’4F2 1 1332.0853 0.0079(1) 0.0071(0) 0.0045(5)

5F2 1’4F1 1 1332.5468

R(5) F 6F2 1’5F1 2 1336.9599 0.0058(2) 0.0080(1)

6F2 2’5F1 1 1337.8238
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Table 4 (continued )

Mixing pair(s) Assignments n(cm�1) ORME coefficientsa for n4 ORME coefficientsa from n2+n3

Self mixing Air mixing [1] Self mixing [16]

R(5) F 6F2 1’5F1 2 1336.9599 0.0106(2) 0.0050(1)

6F1 1’5F2 1 1337.5950

R(6) A 7A2 1’6A1 1 1341.6220 0.0210(1) 0.0198(0) 0.0169(11)

7A1 1’6A2 1 1342.6545

R(6) F 7F2 1’6F1 1 1341.7781 0.0093(1) 0.0108(0) 0.0088(4)

7F1 1’6F2 2 1341.9590

R(7) F 8F2 1’7F1 2 1346.3301 0.0101(1) 0.0101(0)

8F1 2’7F2 1 1347.9215

R(7) F 8F1 1’7F2 2 1346.9396 0.0160(3) 0.0144(1)

8F1 2’7F2 1 1347.9215

R(7) F 8F1 1’7F2 2 1346.7396 0.0030(1) 0.0018(0)

8F2 2’7F1 1 1348.0417

R(8) F 9F1 1’8F2 2 1350.9170 0.0165(2) 0.0143(1)

9F2 1’8F1 2 1351.3855

R(8) F 9F1 1’8F2 2 1350.9170 0.0028(13) 0.0118(5)

9F2 2’8F1 1 1353.0749

R(8) E 9E 1’8E 2 1351.0234 0.0252(17) 0.0136(7)

9E 2’8E 1 1353.0258

R(9) A 10A1 1’9A2 1 1355.3441 0.0231(2) 0.0221(1)

10A2 1’9A1 1 1356.0536

R(9) F 10F1 1’9F2 2 1355.4730 0.0153(1) 0.0144(1)

10F2 1’9F1 3 1355.6393

R(9) F 10F1 1’9F2 2 1355.4730 0.0095(4) 0.0079(2)

10F2 2’9F1 2 1356.4868

R(10) F 11F1 1’10F2 3 1359.8229 0.0195(2) 0.0182(1)

11F2 1’10F1 2 1360.1572

R(10) F 11F1 1’10F2 3 1359.8229 0.0025(1) 0.0034(0)

11F1 2’10F2 2 1361.3611

R(11) F 12F2 1’11F1 3 1364.2012 0.0262(1) 0.0229(1)

12F1 1’11F2 3 1364.5391

R(12) F 13F1 2’12F2 2 1369.5495 0.0026(4) 0.0103(2)

13F1 3’12F2 1 1370.8559

R(13) F 14F2 1’13F1 4 1372.7749 0.0245(3) 0.0249(2)

14F1 1’13F2 3 1373.0266

R(13) F 14F2 1’13F1 4 1372.7749 0.0026(3) 0.0063(1)

14F2 2’13F1 3 1374.1958

R(14) F 15F1 1’14F2 4 1377.0073 0.0253(1) 0.0286(1)

15F2 1’14F1 3 1377.2466

R(15) A 16A1 1’15A2 2 1381.1580 0.0279(1) 0.0307(1)

16A2 1’15A1 1 1381.4932

R(15) F 16F1 1’15F2 4 1381.2355 0.0258(1) 0.0266(1)

16F2 1’15F1 4 1381.3346

R(15) F 16F1 1’15F2 4 1381.2355 0.0284(7) 0.0306(7)

16F2 2’15F1 3 1382.2457

R(16) F 17F1 1’16F2 4 1385.3496 0.0294(2) 0.0317(2)

17F2 1’16F1 4 1385.5338

R(18) F 19F2 1’18F1 4 1393.6130 0.0297(3) 0.0286(6)

19F1 1’18F2 5 1393.6871

R(18) A 19A2 1’18A1 2 1393.5545 0.0350(3) 0.0343(6)

19A1 1’18A2 2 1393.8075

A default value of 1.0 was assumed in the present work and in Refs. [1] and [16] for all temperature dependence exponents of the off-diagonal relaxation

matrix element coefficients.
a All mixing coefficients are in cm–1 atm–1 at 296 K. Values in parentheses are statistical uncertainties in units of the last digit quoted.
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isolated lines unaffected by mixing, there should be no
difference.

In the present study it was not possible to determine
the temperature dependence exponents of the off-diag-
onal relaxation matrix element coefficients. In a few cases
their values were adjusted in the least squares solutions
but were found to be inconsistent and unreliable. As a
result, the temperature dependence exponents of all self-
mixing coefficients were fixed to a default value of 1.0. It
could be possible to experimentally determine the
temperature dependence exponents of line mixing with
a larger temperature range in the measured spectra than
was available with the present data set. The authors have
such a study in progress with nitrogen-broadened CH4

spectra.
The uncertainties in the various spectral line para-

meters listed in the Appendix and in Table 4 do not take
into account any systematic errors such as those asso-
ciated with wavelength calibration standards and the
pressure and temperature measurements of the gas
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samples. Errors arising from both the non-linearity of the
detector and the stability of the source are also not
considered in the measured uncertainties. The multi-
spectrum fitting technique takes into account residual FTS
phase errors and any zero level offsets by treating them as
fitted parameters. The fitting algorithm incorporated a
Voigt line shape that can be modified to include speed
dependence, Dicke narrowing, and line mixing via the off-
diagonal relaxation matrix element coefficients (ORME).
The speed dependence and Dicke narrowing effects were
not detected in the spectra, nor were they necessary to fit
the data to their noise level. Based upon estimated errors
due to various sources such as those described above, the
absolute uncertainty in positions is estimated to be
70.0001 cm�1, the uncertainties in intensities to be less
than 71%, uncertainties in the self-broadened half width
coefficients for strong unblended lines to be less than
71% and in self shifts to be �5 to 20%. The uncertainties
in the temperature dependences of self-broadened half
width and self-shift coefficients are difficult to estimate
even in cases where their values could be measured with
some certainty. Improvements in the measurements of
temperature dependence exponents could be made by
using additional data recorded with optimum cell path
lengths and pressure-temperature conditions to fit satis-
factorily the strong low-J and medium-J transitions.
However, it should be reiterated that the difficulties
experienced in determining accurate values for the
temperature dependences of widths and shifts by no
means lessen the accuracies of the measured self-
broadened half width and self-induced pressure shift
coefficients and the off-diagonal relaxation matrix ele-
ment coefficients at 296 K.
5. Summary and conclusions

Accurate values for line positions, absolute intensities,
self-broadened half width and self-induced pressure shift
coefficients have been measured at high resolution for
several hundred transitions in the n4 band of 12CH4.
Measurements for the temperature dependences of self-
broadened half width and self-shift coefficients have also
been obtained; but to a lesser degree of accuracy than the
other parameters mentioned above. Line mixing coeffi-
cients for self-broadening using the off-diagonal relaxa-
tion matrix element formalism have been measured for
the first time in a number of pairs of A-, E-, and F-species
lines. These results were achieved using a multispectrum
fitting technique to fit several spectra simultaneously
with a modified Voigt line shape. A large number of
spectra (20–60) recorded at different temperatures,
pressures, and absorption path lengths were fitted
simultaneously to determine the various retrieved para-
meters.

The self-broadened half width coefficients were de-
termined for a large number of transitions in the P and R
branches of the n4 band, covering a wider range of J values
(J00r19) that for which measured widths previously
existed (J00r13). This study also reports the first extensive
set of measurements for self-shift coefficients for this
band. Both positive and negative values were obtained for
the temperature dependence exponents of self-broad-
ening and the measured values range between 1.0 and
�0.6. The interpretation of spectra acquired from high
concentration methane gas mixtures performed in this
work should be useful especially with temperature
dependences for self-broadening and self-induced shifts.
The self-shift, temperature dependence, and self-mixing
parameters are not currently available in the HITRAN [24]
and GEISA [32] databases.

The results presented in this study represent a
comprehensive set of self-consistent spectral line para-
meters measured in the n4 band of methane. The
intensities obtained from the present measurements
agree well with those available in the HITRAN 2004 [22]
compilation, but the self-broadened half widths for many
transitions differ significantly from values listed in that
database.
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