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Abstract Highly symmetrical molecules such as CH4,
CF4 or SF6 are known to be atmospheric pollutants and
greenhouse gases. High-resolution spectroscopy in the
infrared is particularly suitable for the monitoring of gas
concentration and radiative transfers in the earth’s
atmosphere. This technique requires extensive theoretical
studies for the modeling of the spectra of such molecules
(positions, intensities and shapes of absorption lines).
Here, we have developed powerful tools for the analysis
and the simulation of absorption spectra of highly
symmetrical molecules. These tools have been implemented in the spherical top data system (STDS) and
highly-spherical top data system (HTDS) software available at http://www.u-bourgogne.fr/LPUB/shTDS.html.
They include a compilation of modeled data obtained
during the last 20 years. An overview of our latest results
in this domain will be presented.
Keywords Greenhouse gases · Molecular spectroscopy ·
Simulation · CH4 · SF6 · CF4 · Climate change

Introduction
Among the various gaseous pollutants that are present in
the earth’s atmosphere, the greenhouse gases require
careful monitoring for the global warming survey. These
species are very strong absorbers in the infrared region
and some of them are chemically “inert” in the sense that
they hardly react with other molecules and thus have a
long or even extremely long lifetime in the atmosphere.
These compounds have various natural or non-natural
sources. The most abundant greenhouse gas is carbon
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dioxide (CO2). Nonetheless, several other gases, even if
present in much lower quantities, must be taken into
account since their absorption is much stronger than that
of CO2. Table 1 shows selected data about important
greenhouse gases, and especially their so-called “global
warming potential” (GWP). This value compares the
ability of a given molecule to trap heat in the atmosphere
compared to CO2 (that has thus a GWP equal to 1). More
precisely, the GWP of a greenhouse gas is the ratio of
global warming (both direct and indirect), also known as
radiative forcing, between one unit mass of a greenhouse
gas and one unit mass of carbon dioxide over a period of
time.
The quantitative remote sensing of molecular species
in the atmosphere is usually done by means of infrared
absorption spectroscopy, either from the ground or from
balloons (Pieroni et al. 2001) or satellites. It is thus
necessary to develop precise models able to reproduce
molecular absorption spectra in both frequency and
intensity. CH4, CF4 and SF6 are highly symmetrical
molecules. Such compounds, also called “spherical-top”
molecules have complex vibration – rotation spectra,
which require specific theoretical treatment. During the
last 40 years, our group has developed models for
handling such complex spherical-top spectra (MoretBailly 1959, Champion et al. 1992). Spectrum calculations and fitting programs implementing these methods,
as well as results from analyses, are available using the
STDS (Wenger and Champion 1998) and HTDS (Wenger
et al. 2000) software.
The aim of the present paper is to give an overview of
what can be done with the STDS and HTDS tools in the
field of greenhouse gas spectroscopy. Thus, after recalling
a very few basic properties of XY4 and XY6 molecules
and their spectroscopy, we will review the cases of
methane, sulfur hexafluoride and carbon tetrafluoride.
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Table 1 Selected data about important greenhouse gases. Concentration is given in parts per trillion (10 ) in volume (pptv)
Gas
CO2a, b
CH4a, b
CF4a, b
SF6a, c
SF5CF3d
a

Global warming potential
1
21
6,500
23,900
22,200

http://www.epa.gov

b

Khalil 1999

Lifetime (years)
~250
~12
~50,000
~3,200
~3,500

c

Geller et al. 1997

d

Concentration (pptv)
0.360109
6

1.72010
75.0
3.8
0.12

Annual increase (%)
0.4
1.6
1.0
8.0
–

Sturges et al. 2000

Fig. 1 a A tetrahedral molecule like CH4. b An octahedral
molecule like SF6. Examples of symmetry axes are given (C3 and
C4 are rotations of 2p/3 and 2p/4, respectively, and S4 is a rotation
of 2p/4 combined with an inversion of all coordinates). The spectra
strongly depend on these symmetry properties

Theoretical considerations
Readers interested in the detailed theory of spherical-top
spectra can refer to several of our previous papers
(Champion et al. 1992; Cheblal et al. 1999). In this
section, we will focus on the specific aspects of the
methods developed and used in our group.
In order to determine gas concentrations in the
atmosphere, it is necessary to compare in situ or remote
spectroscopic measurements with synthetic spectra. This
requires the calculation of transition frequencies and
intensities. Both depend strongly on the symmetry of the
molecule. Here, we consider so-called “spherical-top”
molecules (molecules whose ellipsoid of inertia is a
sphere), i.e., either tetrahedral molecules of type XY4 or
octahedral molecules of type XY6. Their symmetry point
group is thus either Td or Oh, respectively. Examples of
such molecules with their main symmetry elements are
shown in Fig. 1.
Tetrahedral XY4 molecules possess four fundamental
frequencies of vibration, usually labeled by n1, n2, n3 and
n4. Vibrations n1 and n3 correspond to stretching motions,
while n2 and n4 correspond to bending motions. It is
possible to observe the n3 and n4 fundamental frequencies
in infrared absorption and all four fundamental frequencies using the Raman scattering technique. This can be

Fig. 2 Vibrational polyads for a molecule and examples of possible
absorption transitions. Such a structure results in well-defined
absorption windows, as shown in Fig. 3a in the case of methane

explained by symmetry considerations that we will not
develop here.
In the same way, octahedral XY6 molecules have six
fundamental frequencies of vibration, usually labeled by
n1, n2, n3, n4, n5 and n6. Vibrations n1, n2 and n3 are
stretching modes, while n4, n5 and n6 are bending modes.
Only the n3 and n4 fundamental frequencies can be
observed by infrared absorption, while only n1, n2 and n5
can be observed using Raman scattering. The n6 mode is
optically inactive. This last point has some consequences
that we will discuss later for SF6.
Each vibrational band has a very complex rotational
structure. The specificities of our approach for the
analysis and the calculation of rotation-vibration spectra
of these species can be summarized as follows:
- The fundamental, harmonic and combination bands of
vibration are usually grouped in packets called
polyads. Figure 2shows a schematic example of a
vibrational polyad scheme of a molecule. The existence of such polyads results in well-defined absorption regions or "windows" in the spectra. Our method
consists of a step-by-step study of the different
polyads: P0(the ground state), P1, P2, ...
All these techniques are implemented in the programs
included in the STDS (Wenger and Champion 1998) and
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HTDS (Wenger et al. 2000) packages. Moreover, specific
methods have also been developed for the modeling of
line shifts and line broadenings that are induced by
collisions between molecules. This is essential for the
remote sensing of gas mixtures like the earth’s atmosphere. This point will be discussed later when dealing
with the case of methane.

Methane (CH4)
Methane is a relatively abundant constituent of planetary
atmospheres. It is also one of the major greenhouse gases
on earth (Table 1) with many natural, industrial or
agricultural sources. As a result, remote sensing applications require good knowledge of its spectroscopic
parameters: position, intensity, air-broadened line width,
lower-state transition energy, self-broadened line width,
temperature dependence of the air-broadened width and
the air-broadened pressure shift. In recent years, laboratory studies have resulted in significant revisions of these
molecular line parameters in the public databases (Rothman et al. 1992; Rothman et al. 1998; Goldman et al.
2000).
The main difficulties in modeling the vibration –
rotation spectrum of methane arise from the existence of
essential degeneracies (induced by symmetry properties),
accidental resonances (between stretching and bending
vibrational motions) and broad rotational fine structure
(large inertia constant).
The accuracy of the modeling of the methane infrared
(IR) spectrum is enough to satisfy the needs of atmospheric applications: a few 103 cm1 for line positions
and a few percent for line intensities, including 12CH4,
13
CH4 and CH3D.
The low-resolution overview infrared spectrum of
methane plotted in Fig. 3a reflects its polyad structure.
Numerous experimental and theoretical studies have been
devoted to its analysis over decades. At present, the lower
polyads (P0: ground state – P1: dyad – P2: pentad – P3:
octad) covering the region from 0 to 4,850 cm–1 can be
considered as well known.
Appropriate effective frequency and intensity models
have been developed and applied to analyses of the
ground state (Champion et al. 1989a; Roche and Champion 1991), in the range below 10 mm, the dyad (Brown et
al. 1989; Champion et al. 1989b; Roche and Champion
1991; Ouardi et al. 1996) from 5 to 10 mm (see Fig. 4),
and the pentad (Hilico et al. 1994; Fjard et al. 2000) from
3 to 5 mm. The analysis of the next polyad (octad)
observed from 2 to 3 mm has recently been performed
(Hilico et al. 2001). The upper polyad (tetradecad, P4) is
only partially analyzed (Robert et al. 2001).
The line parameters of the dyad system (n2 and n4
interacting bands) are modeled with an accuracy of
0.00006 cm1 for positions and 3% for intensities
respectively. For the pentad system (n1, n3, 2n2, n2+n4,
2n4) around 3 mm, the accuracy achieved is 0.002 cm–1 for

Fig. 3 Simulation of the infrared absorption spectrum of methane
at different resolutions. a is an overview of the first polyads in the

Fig. 4 Distribution of measured line intensities in the region of the
n3 band of methane. Each dot represents a transition. The intensity
scale is logarithmic, showing that strong as well as very weak
transitions are considered in the analysis

positions and 3% for intensities (see Fig. 4). Selected
transitions from the n3 band of CH4 are proposed as
secondary standards with absolute accuracy of 0.002 cm–1
for positions and 2% for intensities. Figure 3b shows an
overview of the strongest n3 band. Of course, all the lines
shown on this last figure have their own complex
substructure that can be observed at higher resolution.
In addition to 12CH4, the next two main isotopomers
13
( CH4 and CH3D) contribute also significantly to the
absorption spectrum. They have motivated several works.
In particular, a global analysis of nine interacting bands of
CH3D in the 3 mm region has been published recently
(Nikitin et al. 2002). Further details, updates and refer-
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ences are available at http://www.u-bourgogne.fr/LPUB/
methane/metspec.htm
Let us now say a few words about the problem of line
shapes which we illustrate with the case of methane. As
already explained, the remote sensing and detection of
such molecular species as spherical tops in the atmosphere is usually done through the measurements of
spectra in the infrared region. In most of the thermodynamic conditions encountered in this medium, a given
spectrum cannot be modeled as a simple sum of profiles
over all the individual lines. While the line widths do
depend on the individual quantum numbers of the lines,
the collisional transfers of populations in the lower and
upper states of the transitions induce a phenomenon
known as “line-mixing”, or collisional coupling of lines
(Pieroni et al. 1999, 2000, 2001; Grigoriev et al. 2001).
As a consequence, the spectrum of a given vibrational
band must be calculated as a whole, to give satisfactory
agreement with the measurements.

Sulfur hexafluoride, SF6
Some new interest in sulfur hexafluoride studies has
appeared recently, since this compound has proved to be a
species of growing importance in the field of atmospheric
physics and chemistry (Reddmann et al. 2001). In fact, it
is now recognized as a pollutant that can contribute to the
greenhouse effect (Khalil 1999; Dervos and Vassiliou
2000). This molecule is a by-product of electrical
industries. Because of its chemical stability and diffusion
properties, it is also the “air” in “Nike Air” shoes. At
present, the concentration of SF6 in the earth’s atmosphere is small, but increases at a rate of about 7% per
year due to industrial emissions (Geller et al. 1997; Volk
et al. 1997). Moreover, its lifetime in the atmosphere is
very long, reaching 3,200 years (Geller et al. 1997; Volk
et al. 1997) or maybe even more (Reddmann et al. 2001)
as shown in Table 1. This molecule is also observed at
low altitude, near large urban areas (Ho and Schlosser
2000). The small, but regularly increasing SF6 concentration is also used to understand gas transport and
circulation phenomena in the middle atmosphere (Eklund
1999; Hall et al. 1999; Khalil 1999; Manzini and Feichter
1999; Ray et al. 1999; Kjellstrm et al. 2000) or to
monitor the distribution of other pollutants such as
chlorofluorocarbons (CFCs) (Hurst et al. 1997; Wamsley
et al. 1998; Romashkin et al. 1999). For all these reasons,
correct quantitative measurements and monitoring of SF6
in the earth’s atmosphere is necessary.
However, as we have shown in Boudon and Pierre
(2002) and in earlier papers (Boudon et al. 1998, 2001;
Bermejo et al. 2000), that the spectroscopy of this
molecule is still not very well known. The present
knowledge about SF6 spectroscopy is very limited
compared to methane for instance. In particular, the
region of the n3 fundamental frequency near 948 cm–1 is
of great importance since its very strong absorption is
responsible for the huge greenhouse capabilities of SF6.

Fig. 5 Comparison between STDS and HITRAN simulations of the
n3 stretching fundamental of SF6 with an experimental spectrum
from N. Lacome

Nevertheless, if the n3=1 level itself is very well known
(Acef et al. 2000), the hot bands in this region, which
largely contribute to the absorption (remember that the
ground state population is only 30% at 300 K), are very
poorly known. The knowledge of these hot bands requires
the study of many other vibrational states, especially
those with low energy.
Up to now, only one hot band of SF6 has been analyzed
in detail: n4+n6n6 in the n4 bending region (Boudon et al.
2001). Several vibrational levels have been analyzed with
the aim of understanding the much denser n3 region.
However, this work is in progress and still requires a lot
of effort, from both the experimental and theoretical
sides. One important technical difficulty arising when
dealing with octahedral molecules like SF6 is related to
the n6 bending mode. This vibration, which is the lowest
in energy and thus very important for hot band generation,
is inactive in both infrared absorption and Raman
scattering (see Theoretical considerations). Thus, some
of our recent works (Boudon et al. 1998, 2001), although
they do not concern the n3 region directly, intended to
collect indirect information on this mode through the
analysis of combination levels associated with this
vibration. The final aim of this is the analysis of n3+n6n6.
Figure 5 shows a comparison between data from the
existing databases and an actual experimental spectrum of
the n3 region. While in this case the HTDS simulation and
the HITRAN data (Rothman et al. 1992; Rothman et al.
1998) give quite similar results, the lack of hot band data
is very clear when compared to the real spectrum. We are
presently working on the analysis of the most important
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base; Rothman et al. 1992, 1998; Goldman et al. 2000),
these packages offer the advantage that they not only
provide computed lists of measured transition frequencies
and intensities, but rather programs and parameter files
that allow the user to calculate spectra for specific
physical conditions. This allows extrapolation to higher
temperatures, pressures, or excited levels, within some
reasonable limits, of course.
We have discussed the examples of CH4, SF6 and CF4.
It is clear that, even for the widely studied methane
molecule, a lot of work still has to be done for the
complete and precise modeling of the absorption spectra.
Our group will thus continue its efforts in this direction.
At the same time, similar tools will be developed for other
types of molecules, which are also of atmospheric
interest.
Fig. 6 Absorption spectrum of the n3 band of CF4 at 296 K
calculated using STDS. The parameters provided in STDS in this
case were obtained through a fit up to J=40. Higher J values are
extrapolated

hot bands in the region, namely n3+n6n6 and n3+n5n5.
The last one should benefit from our recent study of the
Raman spectrum of n5 (Boudon and Bermejo 2002).
As for methane, the problem of line broadening of SF6
transitions in an SF6/N2 mixture has been treated recently
in the case of the n3 band (Gamache et al. 2001).

Tetrafluoromethane (CF4)
The spherical top data system (STDS) and highlyspherical top data system (HTDS) databases contain
parameters for several other spherical-top molecules. The
most interesting as far as atmospheric absorption is
concerned is CF4. As for SF6, this is an important
greenhouse gas with an extremely long lifetime in the
atmosphere as shown in Table 1 and in several references
(Harnisch et al. 1996; Khalil 1999). Furthermore, CF4 is
one of the most important polyfluorocarbons (PFCs)
measured in the earth’s atmosphere. It is one of the byproducts of aluminum manufacturing. Its concentration is
increasing at ~1% per year. However, the CF4 spectroscopy is even less known than that of SF6. Figure 6 shows
an example of STDS calculation for the very strongly
absorbing n3 stretching fundamental (Gabard et al. 1995)
and also illustrates how the spectrum calculations can be
extrapolated to higher J values than those that were
measured experimentally.

Conclusion
We have presented the spherical top data system (STDS)
and highly-spherical top data system (HTDS) spectroscopic tools for the simulation of spherical-top spectra.
Compared to other classical databases such as HITRAN
(high-resolution transmission molecular absorption data-

Acknowledgments Rgion Bourgogne is gratefully acknowledged
for supporting the Laboratoire de Physique de l’Universit de
Bourgogne. The authors thank Pr. N. Lacome (LADIR/Universit
Pierre et Marie Curie, Paris, France) for providing the SF6
experimental spectrum of Fig. 5, and Pr. H.R. Jauslin (LPUB/
Universit de Bourgogne) for carefully reading and correcting the
manuscript.

References
Acef O, Bord CJ, Clairon A, Pierre G, Sartakov B (2000) New
accurate fit of an extended set of saturation data for the n3 band
of SF6: comparison of Hamiltonians in the spherical and cubic
tensor formalisms. J Mol Spectrosc 199:188–204
Bermejo D, Martnez RZ, Loubignac E, Pierre G (2000) Simultaneous analysis of the n2 Raman and n2+n6 infrared spectra of
the SF6 molecule. J Mol Spectrosc 201:164–171
Boudon V, Bermejo D (2002) First high resolution Raman
spectrum and analysis of the n5 bending fundamental of SF6.
J Mol Spectrosc 213:139–144
Boudon V, Pierre G (2002) Rovibrational spectroscopy of sulphur
hexafluoride: a review. In: Recent research developments in
molecular spectroscopy, vol. 1. Transworld Research Network,
Trivandrum, India, pp 339–422
Boudon V, Hepp M, Herman M, Pak I, Pierre G (1998) Highresolution jet-cooled spectroscopy of SF6: the n2+n6 combination band of 32SF6 and the n3 band of the rare isotopomers. J
Mol Spectrosc 192:359–367
Boudon V, Brger H, MKadmi EB (2001) High resolution
spectroscopy and analysis of the n4 bending region of SF6
near 615 cm–1. J Mol Spectrosc 205:304–311
Brown LR, Lote M, Hilico JC (1989) Line strengths of the n2 and
n4 bands of 12CH4 and 13CH4. J Mol Spectrosc 133:273–311
Champion JP, Hilico JC, Brown LR (1989a) The vibrational ground
state of 12CH4 and 13CH4. J Mol Spectrso. 133:244–255
Champion JP, Hilico JC, Wenger C, Brown LR (1989b) Analysis of
the n2/n4 dyad of 12CH4 and 13CH4. J Mol Spectrosc
133:256–272
Champion JP, Lote M, Pierre G (1992) Spherical top spectra. In:
Rao KN, Weber A (eds) Spectroscopy of the earth’s atmosphere
and interstellar medium, Academic Press, New York, pp339–
422
Cheblal N, Lote M, Boudon V (1999) Development of the dipole
moment and polarizability operators of octahedral molecules. J
Mol Spectrosc 197:222–231
Dervos CT, Vassiliou P (2000) Sulphur hexafluoride (SF6): Global
environmental effects and toxic byproduct formation. Air
Waste Manage Assoc 50:137–141

91
Eklund B (1999) Comparison of line- and point-source releases of
tracer gases. Atmos Environ 33:1065–1071
Fjard L, Champion JP, Jouvard JM, Brown LR, Pine AS (2000)
The intensities of methane in the 3–5 mm region revisited. J Mol
Spectrosc 201:83–94
Gabard T, Nikitin A, Champion JP, Pierre G, Pine AS (1995) 2n3
band of 12CF4 and its simultaneous analysis with n3. J Mol
Spectrosc 170:431–448
Gamache RR, Lacome N, Pierre G, Gabard T (2001) Nitrogen
broadening of SF6 transitions in the n3 band. J Mol Struct
599:279–292
Geller LS, Elkins JW, Lobert JM, Clarke AD, Hurst DF, Butler JH,
Myers RC (1997) Tropospheric SF6: Observed latitudinal
distribution and trends, derived emissions and interhemispheric
exchange time. Geophys Res Lett 24:675–678
Goldman A, Gamache RR, Perrin A, Flaud JM, Rinsland CP,
Rothman LS (2000) HITRAN partition functions and weighted
transition-moments squared. J Quant Spectrosc Radiat Transfer
66:455–86
Grigoriev IM, Filippov NN, Tonkov NN, Gabard T, Le Doucen R
(2001) Estimation of line parameters under line mixing effects:
the n3 band of CH4 in helium. J Quant Spectrosc Radiat
Transfer 69:189–204
Hall TM, Waugh DW, Borering KA, Plumb RA (1999) Evaluation
of transport in stratospheric models. J Geophys Res 104:18815–
18839
Harnisch J, Brochers R, Fabian P, G ggeler HW, Schrotterer U
(1996) Effect of natural tetrafluoromethane. Nature 384:32
Hilico JC, Champion JP, Toumi S, Tyuterev VG, Tashkun SA
(1994) New analysis of the pentad system of methane and
prediction of the (pentad-pentad) spectrum. J Mol Spectrosc
168:455–476
Hilico JC, Robert O, Lote M, Toumi S, Pine AS, Brown LR (2001)
Analysis of the interacting octad system of 12CH4. J Mol
Spectrosc 208:1–13
Ho DT, Schlosser P (2000) Atmospheric SF6 near a large urban
area. Geophys Res Lett 27:1679–1682
Hurst DF, Balkwin PS, Myers RC, Elkins JW (1997) Behavior of
trace gas mixing ratios on a very tall tower in North Carolina. J
Geophys Res 102:8825–8835
Khalil MA (1999) Non-CO2 greenhouse gases in the atmosphere.
Annu Rev Energy Environ 24:645–661
Kjellstrm E, Feitcher J, Hoffman G (2000) Transport of SF6 and
14CO2 in the atmospheric general circulation model ECHAM4.
Tellus 52B:1–18
Manzini E, Feichter J (1999) Simulation of the SF6 tracer with the
middle atmosphere MAECHAM4 model: Aspects of the largescale transport. J Geophys Res 104:31097–31108
Moret-Bailly J (1959) Introduction au calcul de l’nergie de
vibration-rotation des molcules
symtrie sphrique. Cah
Phys 112:476–494
Nikitin A, Brown LR, Fjard L, Champion JP, Tyuterev VG (2002)
Analysis of the CH3D nonad from 2000 to 3300 cm–1. J Mol
Spectrosc 216:225–251
Ouardi O, Hilico JC, Lote M, Brown LR (1996) The hot bands of
methane between 5 and 10 mm. J. Mol. Spectrosc. 180:311–322
Pieroni D, Van-Thanh N, Brodbeck C, Claveau C, Valentin A,
Hartmann JM, Gabard T, Champion JP, Bermejo D, Domenech
JL (1999) Experimental and theoretical study of line mixing in
methane spectra. I. The N2 broadened n3 band at room
temperature. J Chem Phys 110:7717–7732

Pieroni D, Van-Than N, Brodbeck C, Hartman JM, Gabard T,
Champion JP, Bermejo D, Domenech JL, Claveau C, Valentin
A (2000) Experimental and theoretical study of line mixing in
methane spectra. IV. Influence of the temperature and of the
band. J Chem Phys 113:5776–5783
Pieroni D, Hartmann JM, Camy-Peyret C, Jeseck P, Payan S (2001)
Influence of line mixing on absorption by CH4 in atmospheric
balloon-borne spectra near 3.3 mm. J Quant Spectrosc Radiat
Transfer 68:117–133
Ray EA, Moore FL, Elkins JW, Dutton GS, Fahey DW, Vmel H,
Oltmans SJ, Rosenlof KH (1999) Transport into the northern
hemisphere lowermost stratosphere revealed by in situ tracer
measurements. J Geophys Res 104:26565–26580
Reddmann T, Ruhnke R, Kouker W (2001) Three dimensional
model simulations of SF6 with mesospheric chemistry. J
Geophys Res 106:14525–14537
Robert O, Hilico JC, Lote M, Champion JP, Brown LR (2001)
First assignment and line strengths of the 4n4 band of 12CH4
near 1.9 mm. J Mol Spectrosc 209:14–23
Roche C, Champion JP (1991) Analysis of dyad—dyad transitions
of 12CH4 and 13CH4. Can J Phys 69:40–51
Romashkin PA, Hurst DF, Elkins JW, Dutton GS, Wamsley PR
(1999) Effect of the tropospheric trend on the stratospheric
tracer—tracer correlations: Methyl chloroform. J Geophys Res
104:26643–26652
Rothman LS, Gamache RR, Tiping RH, Rinsland CP, Smith MAH,
Benner DC, Malathy Devi V, Flaud JM, Camy-Peyret C, Perrin
A, Goldman A, Massie ST, Brown LR, Toth RA (1992) The
HITRAN molecular database: editions of 1991 and 1992. J
Quant Spectrosc Radiat Transfer 48:469–507
Rothman LS, Rinsland CP, Goldman A, Massie ST, Edwards DP,
Flaud JM, Perrin A, Camy-Peyret C, Dana V, Mandin JY,
Schroeder J, McCann A, Gamache RR, Wattsin RB, Yoshino
K, Chance KV, Juck KW, Brown LR, Nemtchechin V,
Varanasi P (1998) The HITRAN molecular spectroscopic
database and HAWKS (HITRAN atmospheric workstation):
1996 edition. J Quant Spectrosc Radiat Transfer 60:665–710
Sturges WT, Wallington TJ, Hurley MD, Shine KP, Shira K, Engel
A, Oram DE, Penkett SA, Mulvaney R, Brenninkmeijer CAM
(2000) A potent greenhouse gas identified in the atmosphere:
SF5CF3. Science 289:611–613
Volk CM, Elkins JW, Fahey DW, Dutton GS, Gilligan JM,
Loewenstein M, Podolske JR, Chan KR, Gunson MR (1997)
Evaluation of sources gas lifetimes from stratospheric observations. J Geophys Res 102:25543–25564
Wamsley PR, Elkins JW, Fahey, DW, Dutton GS, Volk CM, Myers
RC, Montzka SA, Butler JH, Clarke AD, Fraser PJ, Steele LP,
Lucarelli MP, Atlas EL, Schauffler SM, Blake DR, Rowland
FS, Sturges WT, Lee JM, Penkett SA, Engel A, Stimpfle RM,
Chan KR, Weisenstein DK, Ko MKW, Salawitch RJ (1998)
Distribution of halon-1211 in the upper troposphere and the
1994 total bromine budget. J Geophys Res 103:1513–1526
Wenger C, Champion JP (1998) Spherical Top Data System
(STDS) software for the simulation of spherical top spectra. J
Quant Spectrosc Radiat Transfer 59:471–480
Wenger C, Boudon V, Champion JP, Pierre G (2000) HighlySpherical Top Data System (HTDS) software for the spectrum
simulation of octahedral XY6 molecules. J Quant Spectrosc
Radiat Transfer 66:1–16

