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[1] SO, plays an important role in the atmospheric chemistry of the Earth, Venus, and
Io. This paper presents photoabsorption cross sections of SO, from 213 to 325 nm at
198 K, encompassing the C'B, — X'4, and B'B; — X'4, electronic bands. These

measurements are part of a series of measurements over the 160 to 300 K temperature
range between 190 and 325 nm. The cross sections have been measured at high resolution

(MAX=450,000) using Fourier transform spectrometry and are compared to other

high-resolution measurements in the literature.
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1. Introduction

[2] This paper completes a series of reports on measure-
ments of high-resolution UV photoabsorption cross sections
of SO, at temperatures relevant to extraterrestrial atmo-
spheres performed at Imperial College London. The mea-
surement of SO, cross sections at 198 K in the 213 to 325 nm
wavelength range is described, and the results are compared
to broad band measurements in the literature, especially high-
resolution measurements performed at 295 K [Stark et al.,
1999; Rufiss et al., 2003], 160 K [Rufus et al., 2009] and
213 K [Freeman et al., 1984] in addition to the low-resolution
200 K work of Wu et al. [2000].

[3] SO, is a constituent of the current terrestrial atmo-
sphere, the atmosphere of the early Earth, and the atmo-
spheres of Venus and lo. SO, is one of the most important
and well studied molecules in the atmosphere of Venus [e.g.,
Pollack et al., 1980; Na et al., 1990, 1994; Bertaux et al.,
1996; Mills and Allen, 2007; Bertaux et al., 2007]. SO, has
been detected in the UV spectrum of light scattered by the
upper cloud layers and is observed in the Venusian atmo-
sphere down to the surface level. The SO, features detected
at the upper limits of the cloud layers represent the highest
altitude at which SO, appears in the Venusian atmosphere
due to rapid photodissociation of the molecule by solar UV
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radiation above the cloud layers [de Bergh et al., 2006]. The
photodissociation of SO, drives the Venusian sulfur cycle,
and so affects the cloud chemistry. At the surface level, it
has been suggested [Hashimoto and Abe, 2005] that SO, is
involved in interactions with carbonates or pyrites. Interac-
tions between SO, and the Venusian surface would affect the
amount of SO, required to be injected directly by volcanic
activity into the atmosphere to maintain the composition of
the Venusian atmosphere, thereby informing models of the
internal dynamics of the planet [Taylor and Grinspoon,
2009]. The measurement of the vertical distribution of SO,
at UV wavelengths, and the measurement of the concentra-
tion of SO, at the cloud tops, are prime objectives of SPICAV
and other instruments on board the Venus Express mission
[Bertaux et al., 2007; Svedhem et al., 2007].

[4] SO, is also prominent in the atmosphere of the vol-
canically active Jovian moon lo [Ballester et al., 1994;
Sartoretti et al., 1996, Hendrix et al., 1999; Lellouch, 2005].
The New Horizons flyby is the latest mission to study o,
detecting ten SO,-rich “Prometheus style” plumes [Spencer
et al., 2007]. Uncertainty still remains about the relative
contributions of volcanic plumes and surface frost subli-
mation as mechanisms for the deposition of SO, into Io’s
atmosphere.

[5] The accurate chemical abundance analysis of both the
Venusian and Ionian atmospheres has been limited by the
lack of laboratory photoabsorption cross sections measured
at high resolution at temperatures relevant to planetary
atmospheres. Low-resolution laboratory absorption mea-
surements disguise the effects of saturation and lead to
systematic underestimates of the cross sections of narrow
spectral features.

[6] The measurement of photoabsorption cross sections at
a resolution sufficient to resolve the line profiles, and at a
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Table 1. The Resolving Power, Wavelength Range, and Temperature of SO, Photoabsorption Cross-Section

Measurements in the Literature

Spectral Range Temperature

Reference Resolving Power (nm) X)
Present work ~=450,000 220-325 198
Hermans et al. [2009] 13,250 227-345 345-420
Rufus et al. [2009] ~420,000 190-220 160
Danielache et al. [2008] 2,000 190-330 293
Rufus et al. [2003] ~450,000 220-325 295
Bogumil et al. [2003] 1,040 239-395 203-293
Wu et al. [2000] 5,200 208-295 400, 295, 200
Stark et al. [1999] 450,000 198-220 295
Koplow et al. [1998] 1.5 x 108 215.21-215.23 295
Vattulainen et al. [1997] 600 200-400 295-800
Prahlad et al. [1996] 3,000 280-320 220-300
Vandaele et al. [1994] 16,600 250-370 295
Manatt and Lane [1993] 2,500 106403 295
Ahmed and Kumar [1992] 1,250 188-231 295
Ahmed and Kumar [1992] 1,250 279-320 295
Martinez and Joens [1992] 2,200 197-240 295
Hearn and Joens [1991] 4,725 228-339 300
McGee and Burris [1987] 10,400 300-324 295, 210
Freeman et al. [1984] 200,000 172-240 213
Brassington et al. [1984] 600,000 299.2-300.12 295
Wu and Judge [1981] 4,560 208-228 295
Wu and Judge [1981] 4,560 299-340 295
Brassington [1981] 6,000 290-317 295
Marx et al. [1980] 1.5 x 10° 299.917-300.14 295
Woods et al. [1984] 1.5 x 10° 297-301 295

range of temperatures comparable to those of planetary atmo-
spheres, is necessary to account for the temperature depen-
dence of the UV photoabsorption cross sections of SO,. A
complete spectroscopic analysis of the SO, spectrum has not
been made, so that it is not possible to calculate reliably, from
room temperature measurements, the cross sections at the
lower temperatures of lo (150 to 250 K [Jessup et al., 2004])
and the cloud layers of Venus (180 to 230 K [Zasova et al.,
2007]). Direct measurements of the cross sections at com-
parably low temperatures are therefore important for improv-
ing the atmospheric modeling.

[7] Sulfur dioxide is also a key component of the Earth’s
sulfur cycle. SO, is directly injected into the atmosphere
through volcanic activity and industrial processes. In addi-
tion, SO, is produced through in situ atmospheric reactions
involving H,S and dimethyl sulphide. SO, is regarded as
an important terrestrial atmospheric gas due to its ability
to form H,SO,4, which can then precipitate into oceans and
groundwater supplies [Swedish Environmental Protection
Agency, 1990; Speidel et al., 2007; Krotkov et al., 2008].
Furthermore, the study of the early Earth’s sulfur cycle
could allow greater understanding of the composition and
evolution of the atmosphere of the early Earth. The timing
of the oxygenation of the Earth’s atmosphere is a central
issue in the understanding of the Earth’s paleoclimate. The
discovery of mass-independent fractionation (MIF) of sulfur
isotopes deposited within Archean and Paleoproterozoic
rock samples has given rise to a possible marker, through
the transition between MIF within older rock samples
(>2.4 Gyr) to mass-dependent fractionation found in younger
rock samples, for the rise in oxygen concentrations within the
Earth’s atmosphere [Farquhar et al., 2000, 2001; Farquhar

and Wing, 2003]. The introduction of high-resolution cross
sections into these atmospheric models will allow a more
accurate interpretation of the sulfur isotope ratios found in
ancient rock samples [Lyons, 2007]. An ongoing extension to
the cross-section measurements that are presented here is the
measurement of the individual sulfur isotopologues of SO,
at UV wavelengths.

1.1. The UV SO, Spectrum

[8] The complex structure of the UV SO, spectrum has
been the subject of multiple experimental and theoretical
investigations. The spectrum of the SO, molecule in the
213 to 325 nm spectral range is dominated by two absorp-
tion systems separated by a region of comparatively low cross
section. The most prominent absorption system extends from
170 to 230 nm and is associated w1th the transition from the
ground X'4; state to the excited C'B, electronic state. The
second absorptlon system is Weaker extendlng from 240
to 340 nm, and is attributed to the B! B, — X! A, transition.
However, previous Work [Kullmer 1985] demonstrated the
hybrid nature of the B'B, — X Al transmon citing addi-
tlonal contrlbutlons from the Bl, ~B2, and ! A, states. Both
the C'B, — X'A, and the B'B; — X'A, systems show long
progressions in vi and v5 as expected from the Franck-
Condon principle [Herzberg, 1966].

1.2. Previous Laboratory Measurements of the SO,
Spectrum

[s] The first laboratory measurements of SO, [Clements,
1935] provided the basis for the research of Shaw et al.
[1980], who first assigned the vibronic bands of the 'B,
state. This led to the development of a simplified model of
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Table 2. Experimental Details: Wavelength Range, Gas Sample
Pressure, Resolution, and PMT Detector Used®

Wavelength Range Pressure Resolution

(nm) (Torr) (cm™) PMT
308.4-325.0 9.4, 6.6 0.06 1P28
294.8-308.4 94,15 0.06 1P28
282.9-294.8 38,22 0.06 1P28
282.9-294.8 4.0,2.0 0.09 R166
263.5-282.9 39,21 0.09 R166
246.9-263.5 9.4,7.8 0.09 R166
233.6-246.9 9.5,9.9 0.50 R166
220.0-233.6 9.6,4.9 0.30 R166
220.0-226.7 2.0,2.8 0.30 R166
215.9-220.0 0.130, 0.203 0.12 R166
212.6-215.9 0.159, 0.084 0.12 R166

“The actual band passes of the monochromator extend about +£2 nm
beyond the ranges quoted here to allow the overlap of adjacent
wavelength sections.

the multilevel vibronic coupling [Kullmer, 1985]. Experi-
ments using laser induced fluorescence (LIF) have studied
the vibrational bands of SO, with resolutions as high as
0.08 cm™ ! but over a limited wavelength range [e.g., Shaw
et al., 1980; Ebata et al., 1988; Yamanouchi, 1995; Katagiri
et al., 1997; Hegazi et al., 1998; Sako et al., 1998]. Vibra-
tional assignments have been made for the majority of the
bands up to the dissociation limit.

[10] LIF has been used by a series of authors to define the
predissociation limit of the SO, molecule at 218.7 nm [e.g.,
Katagiri et al., 1997]. While line broadening is expected
below this limit, Katagiri et al. [1997] reported insignificant
broadening down to 210 nm.

[11] Table 1 summarizes the wavelength range, resolution,
and temperature of cross-section measurements in the
literature to date. It can be seen from Table 1 that the only
measurements of comparable resolution and wavelength
range to the absorption cross sections presented in this
paper are the previous measurements in this series of Stark
et al. [1999] and Rufus et al. [2003, 2009]. Measurements
performed by Freeman et al. [1984] were carried out
with a resolving power of approximately half that used in
the present measurements. The remainder of the broad-

Band-pass
Monochromator
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band cross-section measurements were made at resolving
powers at least an order of magnitude less than those
reported here.

[12] The LIF measurements of Koplow et al. [1998] have
resolving powers 3 orders of magnitude greater than the
measurements presented in this paper, but only over an
extremely limited spectral range (215.21 to 215.23 nm).

2. Experimental Procedure

[13] The SO, photoabsorption cross-section measure-
ments were made with the Imperial College ultraviolet
Fourier transform spectrometer (IC UV FTS) [Thorne et al.,
1987] with a 300 W Hamamatsu xenon arc lamp as a
continuum light source. The IC UV FTS has a maximum
resolution of 0.025 ¢cm ', which is sufficient to fully
resolve the Doppler width of SO, lines at 198 K, 0.057 cm ™'
(=0.00028 nm) at 220 nm. The measured widths of
absorption features are expected to be larger than the cal-
culated Doppler width due to blending of lines resulting
from the high number of bands and lines observed within
the C — X electronic system. The resolution of the mea-
surements was constrained by experimental factors, such as
the requirement to achieve a satisfactory signal-to-noise
ratio (SNR), and the ability to keep gas pressures and
temperatures stable for the duration of the experiment, up to
18 h. A range of resolution from 0.06 cm ™' for the highly
structured band features, to 0.5 cm ' for the continuum
region between the electronic bands was used, matching
that of the previous measurements performed at Imperial
College at 295 K and 160 K [Stark et al., 1999; Rufus et al.
2003, 20091].

[14] The input to the FTS was band limited with a zero-
dispersion monochromator [Murray, 1992] in order to
improve SNR in the spectrum and to allow optimum photo-
multiplier tube detectors (PMTs) and gas column densities to
be chosen for each spectral band. Two types of Hamamatsu
PMTs were used: (1) R166 for the 212 to 295 nm region
and (2) 1P28 for the 282 to 325 nm region. The SO, gas, in
natural abundance, was supplied by BOC with a purity of
99.9%. Two capacitance manometer pressure gauges recorded

zl
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Figure 1. The positioning of the absorption cell in the second output when using the “dual output” tech-

nique for absorption spectroscopy.

30f8



E03006

Table 3. The Contributing Uncertainties and Final Error Budget
for Our Measurements of the Photoabsorption Cross Sections of
SO,

Uncertainty (%)

o=1x10"" cm?

o~1x10"8 cm?

Column density (/) total 2.9% 2.5%
Contributing errors for (V)
Temperature 0.5% 0.5%
Column length 0.25% 0.25%
Pressure reading 2.8% 2.1%
SNR 7% 14%
11, 4.5% 4.5%
Percentage uncertainty 8.8% 14.9%

the pressure in the absorption cell, a 10 Torr MKS 122AA
and a 1 Torr MKS 220CA.

[15] The 213 to 325 nm wavelength range of this study
was divided into 10 sections, each with a 2 to 3 nm overlap
with the adjacent sections. Measurements of the individual
sections were combined into a spectrum covering the full
213 to 325 nm range. Each wavelength section was recorded
at two different gas pressures to enable the optical depth of
the absorption spectrum to be examined for signs of satu-
ration. Agreement between the peak cross-section values of
the high- and low-pressure measurements was within 5%
for each spectral region. Where possible the cross sections
recorded from the lower-pressure measurements were used
in the final tabulation. The cross sections were convolved
down to a matching resolution to allow an accurate com-
parison of the cross sections in adjacent wavelength regions,
before being linked together. The cross sections within the
overlap of adjacent wavelength regions agreed on average
to within 2%. Table 2 shows the resolution, detector, and
gas pressures used to record each wavelength section.

[16] The coolable absorption cell had a path length of
9.4 cm. The main outer cell body was constructed of stainless
steel and submerged in a coolant bath of dry ice and ethanol.
This mixture maintained the absorption cell at 198 K, with the
temperature being monitored by a low-temperature alcohol
thermometer. At both ends of the cell a double-layer silica
window, consisting of two silica windows separated by a
3 cm evacuated region, prevented water condensation from
the ambient laboratory air.

[17] The absorption cross section is calculated from the

Beer-Lambert law,
o(\) = %m [1[“((;))} (1)

where [y()) is the incident intensity, /() is the transmitted
intensity through the gas column, and N is the column
density. We used the second output beam of the IC UV FTS
to address possible problems with long- and short-term
fluctuations of the Xe lamp output [Pebler and Zomp, 1981].
As shown in Figure 1, the absorption cell was placed in one of
the two FTS output beams with a PMT to record /(\), while a
second PMT at the second output simultaneously recorded
Io(N). Low-resolution “before” and “after” scans with the cell
evacuated established the ratio of the intensities and the PMT
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responses at the two outputs, and the ratio of the two outputs
then gave Io(\)/I(\), with drifts and fluctuations ratioed out.
The target SNR of 70 to 100, measured near the continuum
level in regions of low absorption, was achieved by coadding
up to 256 interferograms, each of approximately 85 s, giving
a total integration time for each spectral region of approxi-
mately 6 h.

[18] FTS uses the fringe intervals of a reference HeNe
laser to generate an accurately linear wavenumber scale,
with the accuracy of the scale being limited by the stability
of the laser which is 1 part in 10%. This is put on an absolute
scale by measurement of reference spectral lines of known
wavenumber. In principle only a single line is required, but
in practice several lines are used to reduce the uncertainty.

[19] The IC UV FTS wavenumber scale was calibrated
through measurement of the spectrum of an iron hollow
cathode lamp run at a current of 15 mA. Measured Fe spectral
lines were compared to accurately known wavenumbers
for Fe I and Fe II lines [Nave et al., 1991] giving a cali-
bration factor « in the equation: T,p; = Gyue(l — ). The
wavenumber uncertainly associated with this single mea-
surement is =0.0025 cm ', however, the calibration factor
varies with slight changes in the spectrometer optical
alignment from day to day. In previous measurements
[Blackwell-Whitehead, 2003], day to day variations in the
value of the calibration factor of up to 55% were mea-
sured. Since the iron calibration spectrum was recorded
some time after the SO, spectral measurements, taking the
possible typical variation in instrument calibration factor
into account, the uncertainly of the combined wavenumber
scale is 0.04 cm ™.

[20] Stark et al. [1999] derived an expression for the
fractional uncertainty in the measured SO, cross section at
any wavelength:

2B ) 0] @

Within the square root, the first term represents the frac-
tional uncertainty in the column density (V) incorporating
uncertainties in the gas temperature and pressure and path
length through the gas sample, and the second term represents
the uncertainty due to the SNR and the depth of absorption.
The estimated uncertainty in the column density, dependent
upon the gas pressure and temperature in the absorption cell,
ranged between 2.1 and 2.8%.

[21] An additional source of uncertainty stems from a
decrease in the transmission efficiency of the internal cell
windows due to adsorption of SO,, despite the fact that the
cell pressure was well below the saturated vapor pressure.
Such adsorption has been documented by Prahlad et al.
[1996] with carbon tetrachloride and by Wu et al. [1989]
with acetylene. Tests were conducted on the absorption
cell to determine the reduction of transmission of the internal
silica windows due to the adsorption of SO,, with the maxi-
mum observed decrease in the light intensity (/o()\)) passing
through the cell being 5.5%.

[22] With the dual output method allowing simultaneous
measurement of /(\) and [y()), the stability of the relative
sensitivities of the two PMTs is vital for obtaining an
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Figure 2. Photoabsorption cross sections for SO, in the
213 to 325 nm wavelength region at 198 K, smoothed using
a 0.008 nm filter.

accurate I(\)/Ip(\) ratio. In order to minimize the drift in the
relative sensitivities of the two PMTs, several precautions
were used. First, the two PMTs were selected from the same
manufactured batch in order to minimize differences in
construction or dopant materials; second, the two PMTs were
only used as a pair so as to maintain a common light-exposure
history; and finally they were operated in a temperature-
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stabilized environment. Laboratory tests, each over a 7 h
period, indicated a wavelength independent 2.2% average
relative drift in sensitivity between the two PMTs.

[23] However, the effect of PMT drift and the adsorption
of SO, by the cell windows will be observable in the change
in value for the low-resolution evacuated cell scans before
and after the main gas measurements. The average difference
between the before and after values was 1.8%. This uncer-
tainty when considered on an absorption feature with an
absorption depth of 60% gives an uncertainty of 4.5% in the
value of I/1,.

[24] The uncertainties for the measurements of the photo-
absorption cross sections of SO, is shown in Table 3. The
total estimated fractional uncertainty in our derived cross
sections, determined by combining the contributions described
above, is dependent upon the strength of the photoabsorption
cross sections and ranges from +8.8% in regions of high cross
section (0~ 1 x 10”"7 cm?) to +£14.9% in regions of low cross
section (o = 1 x 107" cm?).

3. Results

[25] Figure 2 shows the measured cross sections of SO, at
198 K, smoothed for clarity of presentation using an 0.008 nm
filter, across the 213 to 325 nm range. A full tabulation of
the cross sections can be found in the appendix (numerical
tabulations of the cross sections presented in this paper, in
addition to those from Stark et al. [1999] and Rufus et al.
[2003, 2009] can be found at ftp:/ftp.agu.org/apend/je/
2010JE003707/).
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Figure 3. The measured high-resolution photoabsorption cross sections of SO, as measured by Rufis et
al. [2003] at 295 K (red) and the current work at 198 K (black), with structure in a 0.2 nm region shown in

the inset.
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Figure 4. The three sets of high-resolution cross sections
of SO, recorded at Imperial College in the 213 to 220 nm
range, 160 K [Rufus et al., 2009] (blue), 198 K current
measurements (black), and 295 K [Stark et al., 1999]
(red).

3.1. Comparison With Other High-Resolution Data
Sets Measured at Imperial College

[26] A change in temperature will result in a change in the
percentage of SO, molecules in a particular vibrational state.
At temperatures below room temperature (T < 295 K) the
majority of molecules will be in the ground vibrational
states. Rufus et al. [2009] calculated that at 295 K ~92% of
the molecules will be in the (0,0,0) state, with =7% being in
the (0,1,0) state. At 198 K, using fundamental values for the
vibrational quanta published by Herzberg [1966], the cal-
culated percentage population of molecules in the (0,0,0)
state should be ~97% with ~2.2% in the (0,1,0) state. This
relatively small change in population distribution only mar-
ginally affects the photoabsorption cross section. There will
however be an expected change in the shape of the spectral
lines with the change in gas temperature. The spectral lines
are expected to have a greater peak cross section but with a
reduced line width at lower temperatures due to a decrease in
the Doppler widths maintaining a constant integrated cross
section at all temperatures. The predicted Doppler width
increases from 0.057 cm™' (=0.00028 nm) to 0.07 cm’
(=0.00033 nm) at 220 nm as the temperature increases from
198 K to 295 K.

[27] Figure 3 shows the current 198 K absorption cross-
section measurements compared with the 295 K measure-
ments of Rufus et al. [2003]. These two sets of measurements
were made on the IC UV FTS at comparable resolutions.
It can be seen that the values of the cross sectlons at the
band peaks are significantly higher within the B'B, — X'A,
transition at 198 K than at 295 K. The integrated cross
section from 235 to 325 nm at 198 K is 8% larger than that
of the spectrum at 295 K; this difference is within the
stated uncertainties of the two sets of measurements.

[28] Figure 4 shows the three sets of absorption cross-
section measurements between 213 and 220 nm made at
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Imperial College on the IC UV FTS: at 295 K [Stark et al.,
1999], the current measurements at 198 K, and at 160 K
[Rufus et al., 2009]. It can be seen that the peak cross-
section value for each vibrational band increases as the
temperature at which the cross sections were measured
decreases. Figure 5 shows an expanded section of Figure 4.
This shows that the cross sections of the strongest transi-
tions at the band head are significantly increased at lower
temperatures, demonstrating the temperature dependence
of the rotational population of the lower level.

3.2. Comparison With Other Data Sets

[29] Our results can be compared with previously pub-
lished results. Freeman et al. [1984] measured the photo-
absorption cross sectlons of SO, at 213 K with resolutions
between 0.4 and 0.1 cm ™. This resolution is high enough to
successfully avoid strong saturation effects. However, even
small differences in resolution between high-resolution data
sets can have a significant effect when used in atmospheric
modeling Jessup et al. [2004] identified a 10% overestimate
in the dens1ty of SO, within Io’s atmosphere due to using
the 0.41 cm ' FWHM cross sectlons from Freeman et al.
[1984] as compared to the 0.14 cm™' FWHM cross sections
of Rufus et al. [2009, 2003].

[30] Agreement well within the quoted experimental
errors between this work and that of Wu et al. [2000] is
observed in regions of the spectrum with broad continuum-
like structure. On the other hand Figure 6 shows significant
differences in the absorption cross sections between the
high- and low-resolution spectra when observing the fine
detail of the C (1,5,2) — X (0,0,0) band (vibrational a551gn-
ments by Okazaki et al. [1997]). The differences in the
recorded cross sections are most prominent in the sharp
peaks of the UV SO, spectrum and are mainly attributed to
the difference in resolution between our work and that of

|
| \ |
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Figure 5. A single vibrational band in the three sets of
high-resolution cross sections of SO, measured at Imperial
College, 160 K [Rufus et al., 2009] (blue), 198 K current
measurements (black), and 295 K [Stark et al., 1999]
(red).
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Figure 6. Measured high resolution (black) (A = 0.00056
nm), low resolution (red) (AX = 0.05 nm by Wu et al.
[2000]), and measured high resolution convolved with a
Gaussian profile of 0.05 nm FWHM (blue) SO, photo-
absorption cross sections of the C (1,5,2) — X (0,0,0)
(vibrational assignments by Okazaki et al. [1997]).

Wu et al. [2000]. Figure 6 also shows the measurements
presented in this paper convolved with a Gaussian profile
of 0.05 nm (FWHM) in order to remove the effect of res-
olution between the two measurements. However, signifi-
cant differences in the measured cross sections at shorter
wavelengths are still observed between the two measure-
ments with the convolved high-resolution data having band
peaks of approximately 1/3 greater than those recorded by
Wu et al. [2000]. The difference between the two data sets,
even when compared at identical resolution, can be attrib-
uted to undetected saturation of the strong absorption lines
during lower-resolution measurements.

4. Conclusion

[31] High-resolution UV photoabsorption cross sections
of SO, have been measured between 213 and 325 nm at
198 K. These measurements represent the final part of
a campaign at Imperial College to measure the photo-
absorption cross sections of SO, at wavelengths and
temperatures relevant to planetary atmospheres. The 198 K
measurements complement the room temperature measure-
ments of Rufis et al. [2003] over the same wavelength region
and at identical resolution. The two data sets significantly
increase the resolution (resolving power =450,000) and tem-
perature range at which cross sections are available for the
analysis and modeling of planetary atmospheres. Numerical
wavenumber tabulations of our SO, cross sections can be
obtained from the auxiliary material, from the authors and
are also available at http:/cfa-www.harvard.edu/amdata/
ampdata/cfamols.html.

'Auxiliary materials are available at ftp:/ftp.agu.org/apend/je/
2010je003707.
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