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a b s t r a c t

This paper is the second of a series that reports results on the measurements of the

absorption cross section of SO2 in the UV/visible region at high resolution and that

investigates high temperatures in support to planetary applications. Absorption cross

sections of SO2 have been obtained in the 29 000–44 000 cm�1 spectral range

(227–345 nm) with a Fourier transform spectrometer at a resolution of 2 cm�1

(0.4500 cm MOPD and boxcar apodisation). Pure SO2 samples were used and

measurements were performed at room temperature (298 K) as well as at 318, 338

and 358 K. Temperature effects in this spectral region are investigated and are favorably

compared to existing studies in the literature. Comparison of the absorption cross

section at room temperature shows good agreement in intensity with most of the

literature data, but shows that most of the latter suffer from inaccurate wavelength scale

definition. Moreover, literature data are often given only on restricted spectral intervals.

Combined with the data described in the first part of this series of papers on SO2, this

new data set offers the considerable advantage of covering the large spectral interval

extending from 24 000 to 44 000 cm�1 (227–420 nm), at the four temperatures

investigated.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

This paper follows a previous paper [1] (referred as PI in the following), in which we reported the measurement
of the absorption cross section of sulfur dioxide (SO2) in the 24 000–29 000 cm�1 spectral region (354–420 nm) at room
temperature (298 K) as well as at 318, 338, and 358 K. This second paper concerns the measurements of the absorption
cross section of SO2 in the 29 000–44 000 cm�1 spectral region (227–345 nm), which is normally used in atmospheric
detection and observation of SO2 in the Earth atmosphere [2–6], as well as in the atmosphere of other planets or celestial
bodies [7–12].

SO2 absorbs in three main regions in the near ultraviolet. The strongest band lies in the 45 000 cm�1 (220 nm) region
and corresponds to the Ĉ

1
B2 � X1A1 electronic transition. Between 29 000 and 40 000 cm�1 extends a medium absorption

structure, which can be ascribed to at least two electronic transitions. Underlying the structured bands of the A1A2–X1A1

[13], the ‘continuous’ absorption has been attributed to the B1B1–X1A1 transition [14,15]. The allowed transition B1B1–X1A1

is so perturbed that no rotational or vibrational analysis is possible. It forms a continuum due to the density of weak
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absorptions. The third weak absorption feature has been assigned to the a3B1–X1A1 electronic transition and was the
subject of the previous paper.

This second paper which deals with the 29 000–44 000 cm�1 region, investigates the B1B1–X1A1 (perturbed by
A1A2–X1A1) electronic transition, as well as the first absorption structures associated to the Ĉ

1
B2 � X1A1. The aim of the

present work is to provide absorption cross sections at a higher than previously reported resolution and to investigate high
temperatures in support of planetary applications.

2. Experimental description

The experimental set up has been extensively described in the first part of the series and will be only briefly
summarized here. Measurements of the absorption cross sections of gaseous SO2 have been performed at the resolution of
2 cm�1 (maximum optical path difference ¼ 0.4500 cm; 0.018 nm at 300 nm) over the 29 000–44 000 cm�1 (227–345 nm)
spectral range under different pressure and temperature conditions with pure samples of SO2. All measurements have been
carried out with a Fourier transform spectrometer Bruker IFS120M in combination with either a Xenon high pressure lamp
(150 W) or a Tungsten lamp (250 W), and with a GaP diode or a UV-Photomultiplier as detectors. The different
combinations of lamp and detector allowed the recording of spectra in three different regions: (i) W-GaP: from 23 500 to
30 750 cm�1, (ii) Xe-GaP: from 25 000 to 32 000 cm�1, and (iii) Xe-PM: from 31500 up to 45 000 cm�1. The 200 cm long cell
used during this study has already been described previously [1]. It can be temperature stabilized either by cooling it down
by the circulation of a fluid around it, or by heating it by the use of a heating coil. Pressure was measured by 1000 and
10 Torr full scale temperature stabilized Baratron gauges.

SO2 samples (Indugas, 499.98% stated purity) were used without further purification. One complete experiment at a
given temperature consisted of: (i) a blank measurement (cell empty), (ii) measurement with the pure gas at several
increasing and decreasing pressures, and finally (iii) a blank measurement. This procedure was repeated at least two times
for each temperature. Spectra were recorded at 298, 318, 338, and 358 K in single-sided mode during the forward and
backward movements of the mobile mirror. A boxcar apodization function was used. Depending on the experimental
conditions, a certain number of mirror scans (interferograms) were averaged to get an acceptable signal to noise ratio.
This number of scans was recorded in several blocks that were averaged at the end to obtain the spectrum. Recording
successive blocks permitted following the pressure inside the cell, and was also used to monitor any change of absorption
from one block to the other. The experimental conditions are summarized in Table 1. In the case of the Xe-PM combination,
the number of scans per block was higher. Some experiments were carried out throughout the night enabling a large
number of blocks to be obtained (see Table 1, numbers in brackets).
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Table 1
Experimental description of the measurements used to obtain the SO2 absorption cross sections at the different temperatures investigated in this study.

T (K) Lamp-detector Nb of different pressures Pressure range (Torr) Nb of co-added scansa Duration of measurement (h)

298 W-GaP 10 31–130 40�128 1

Xe-GaP 5 0.4–66.2 40�128 1

Xe-PM 10 0.03–3.83 8�512 3

(48�512) (17)

318 W-GaP 11 31–150 40�128 1

Xe-GaP 5 0.4–63.7 40�128 1

Xe-PM 9 0.05–3.24 8�512 3

(38�512) (11.5)

338 W-GaP 14 20–175 40�128 1

Xe-GaP 5 0.5–68.4 40�128 1

Xe-PM 10 0.04–4.65 8�512 3

(40�512) (14)

358 W-GaP 15 30–265 40�128 1

Xe-GaP 5 0.6–73.0 40�128 1

Xe-PM 8 0.05–5.11 8�512 3

(40�512) (14)

For each lamp-detector combination and each temperature, the number of different SO2 pressures and the range of pressures used are indicated. Each

individual cross section is the result of the co-addition of several blocks made of 128 or 512 scans each. The duration of the measurements is also

indicated. In some instance, measurements were performed for a whole night (between 11.5 and 17 consecutive hours). These correspond to the numbers

in brackets.
a The total number of co-added scans is the results of the co-addition of all the scans performed in several successive blocks: 40�128 means that 40

blocks of spectra were recorded successively, and each of these blocks consisted of 128 scans of the moving mirror of the spectrometer.

A.C. Vandaele et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 2115–21262116
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3. Results

Absorption cross sections were obtained using:

sðnÞ ¼ 1

nSO2
d

ln

ðI0;beforeðnÞ þ I0;afterðnÞÞ
2

IðnÞ

0
B@

1
CA (1)

where nSO2
is the concentration of SO2 inside the cell, d is the cell length, I0,before and I0,after are, respectively, the blank

spectra recorded before and after the SO2 measurement, and I is the intensity measured when the cell contained SO2.
Fig. 1 shows the absorption cross section of SO2 obtained at room temperature. As already discussed in PI, the final cross

section is the average of all available individual cross section obtained under different pressure conditions. By varying the
SO2 pressure, different optical densities could be achieved, allowing the best possible recording of absorption cross section
along the entire spectral interval. For example due to the high cross section values around 34 000 cm�1, recording was
optimized in this region by using low concentrations of SO2, leading to a very low signal to noise below 31000 cm�1 and
above 38 000 cm�1. However, recording conditions optimized for the 29 000–30 000 cm�1 (high concentrations of SO2)
corresponded to spectra saturated in the 33 000–37 000 cm�1 region. Each individual spectrum was therefore only used on
a restricted optimized spectral interval. These intervals were found as the best compromise between enough signal and no
saturation. As an illustration, the intervals in the case of the Xe-PM spectra at room temperature are presented in Table 2.
Fig. 2 illustrates the number of individual cross sections averaged as a function of wavenumber and for the different
temperatures investigated. In general, the number of different spectra below 30 000 cm�1 is large because this region is

ARTICLE IN PRESS

Fig. 1. Absorption cross sections of SO2 at 298 K. The systematic and non-systematic errors are shown, as well as the standard deviations of the

measurements, which represents their repeatability.
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covered by two lamp-detector configurations (W- and Xe-GaP). The worst area is between 31000 and 32 000 cm�1 where it
is difficult to obtain highly accurate spectra because of higher noise levels (Xenon lamp) and saturation limitations.

A way to check the quality of the measurements is to look at their repeatability through the determination of the
standard deviation of the individual cross sections obtained at a given temperature with respect to their average. The
standard deviation of all the measurements performed at room temperature is of the order of 0.005�10�18 cm2/molec or
less between 29 000 and 41000 cm�1 (see Fig. 1, bottom panel). It is higher above 41000 cm�1 where the signal to noise is
poor. It also reaches higher values on some peak structures around 33 000 cm�1. The standard deviation of the
measurements reaches 0.015�10�18 cm2/molec at the higher temperatures. These numbers are of the same order of
amplitude as the systematic and non-systematic errors on the measurements, which are shown in the two middle panels
of Fig. 1.

The uncertainties of the absorption cross sections have been estimated by considering different error sources: on the
concentration, taking into account the uncertainties on the temperature (2 K, including the reading error, stabilization in
time and along the cell) and the pressure (3%, reading and correction for the thermal transpiration [16]); and on the length
of the cell (0.25%). Taking into account all these error sources, the total systematic uncertainty on the cross section has been
estimated to be of the order of 4% below 31500 cm�1 and 6% above from a simple error propagation calculation (see Fig. 1).

Non-systematic uncertainties on the absorption cross sections were also estimated. Those are mostly due to the noise
level on the absorbance (i.e. the noise levels on I and I0) and to the lamp drifts with time. Noise levels were evaluated as the
rms standard deviation of the measured spectra where no absorption features are located. Lamp drift was estimated by
looking at the evolution of the intensity of the lamp spectra recorded with the empty cell. This assumes that the evolution
of the lamp spectrum in time does not vary with wavenumbers. It was found that the intensity variation was of the order
of 1% for the W lamp and 3% for the Xe lamp over the duration of a complete measurement sequence (about 10 h).
The uncertainties of the measurements performed at the higher temperatures are somewhat better because, as stated in
Table 1, the number of different spectra is larger. In the case of the measurements at 358 K, up to 20 individual cross
sections have been averaged. Systematic and non-systematic errors are also given in the files which are available from the
website of the Belgian Institute for Space Aeronomy (http://www.aeronomie.be/spectrolab/).

ARTICLE IN PRESS

Table 2
Spectral interval on which each of the spectra obtained at room temperature using the Xe-PM combination is considered.

Case SO2 pressure (Torr) Valid spectral interval (cm�1)

1 0.05 32 780–36 650

2 0.10 32 700–36 500

3 0.15 32 600–36 500

4 0.20 32 350–37 800

5 0.20 32120–36 600

6 0.26 32100–44 500

7 0.49 31900–44 500

8 0.76 32 000–33 200+35 200–44 500

9 1.03 31 250–32 820+37 000–44 500

10 3.83 31300–31900+39 400–43 200

Pressures of SO2 are also indicated. The final cross section at room temperature is the average of all these spectra considered only on their restricted

spectral intervals.

Fig. 2. Number of individual absorption cross sections which were averaged to obtain the final cross section at the different temperatures: (black) 298 K,

(red) 318 K, (green) 338 K, and (blue) 358 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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The wavenumber calibration has been performed using 37 lines of I2, whose positions were taken from the Iodine atlas
of Gerstenkorn and Luc [17,18]. Spectra of I2 were recorded at the resolution of 0.042 cm�1 with the same instrument that
was used for the measurements of SO2. The wavenumber accuracy is estimated to 0.02 cm�1, which represents the average
value of the differences observed between the positions obtained in this work and those of the atlas. Note that the line
positions of the atlas are given in vacuum and were first transformed to air wavenumbers using the Edlen formula [19], as
the spectrometer was not operated under vacuum. Therefore, all wavenumbers given in this work are expressed in air and
are defined as 1/lair.

3.1. Temperature effect

The temperature effect was investigated by measuring the absorption cross sections at different temperatures (298, 318,
338, and 358 K). Fig. 3 illustrates the temperature effect on the absorption cross section: Intensities increase with
temperature in the troughs and decrease with temperature near the peaks.

A linear temperature coefficient c(n) is defined as

sT ðnÞ ¼ s298 KðnÞ þ cðnÞðT � 298Þ (2)

The choice of this simple description has already been discussed in PI. The c(n) coefficient was obtained by least square
fitting the absorption cross sections at the different temperatures and at a given wavenumber n with the expression in Eq.
(2), taking into account the experimental error on the measured values. The evolution of the temperature parameter is
shown in Fig. 4 for a small spectral interval. The correlation coefficient of the linear regression is also plotted in this figure:
it is equal to 1 at the peaks and �1 in between, with a very rapid transition from one value to the other, indicating the high
linearity of the temperature effect. There is no clear and easy theoretical explanation for the observed temperature effect,
as the absorption in the investigated region is due to two superposed transitions.

4. Comparison with data from the literature

SO2 absorption cross sections have already been extensively investigated in the 30 000–40 000 cm�1 region at room
temperature [20–34]. The temperature dependence was mainly investigated by looking at temperatures lower than room
temperature [29,30,33]. Only a couple of measurements have been performed at higher temperatures [23,24]. Recently,
Danielache et al. [35] investigated the effect of the isotopes of S on the absorption cross section of SO2. Their measurements
were performed at very low resolution (25 cm�1) and were therefore not considered in our comparison exercise. Table 3
summarizes the experimental conditions of the existing literature data.

As explained in detail in PI, two major problems arise when comparing two data sets: (i) how to take accurately into
account the different resolutions; (ii) how to calibrate the wavelength scales of the literature data. In general, a shift as well
as a stretching of the scale should be introduced. In this study we have, however, limited the correction of the wavelength
scale of the different literature data sets to a shift, as the introduction of a stretch would not change the conclusions of the
comparison. In order to perform reliable comparisons between absorption cross-sections obtained at different resolutions,
the data of the present work have been convolved with a Gaussian instrumental line shape (ILS) to correspond to the
resolution of the literature data, which are reported in Table 3. Only the Rufus et al. data set [27] was obtained at a higher
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Fig. 3. Evolution of the SO2 absorption cross section with temperature: (—) 298 K, (–––) 318 K, (���) 338 K, and (–��–) 358 K.
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resolution than ours and these data have been convolved to correspond to the resolution used in the present work (using in
this case the exact since ILS function of the FTS corresponding to a MOPD of 0.45 cm).

4.1. Room temperature

Results of the systematic comparison between the literature data and the data from the present study are summarized
in Table 4. Each data set from the literature has been fitted by the linear expressions

sLitðlþ shiftÞ ¼ aþ b� sthis workðlþ convolutionÞ (3)

where the parameters a and b represent the offset and a multiplicative factor. For comparison purposes the shifts have also
been converted into nanometers (conversion performed at the center of the spectral interval considered) and have to be
compared to the announced accuracy on the wavelength scales of the literature data. We have also considered the
possibility that the discrepancies observed between two data sets could be explained by using only a multiplicative factor,
thus without any offset in intensity. This multiplicative factor is also given in Table 4 (parameter c). The comparison has
been done for different spectral intervals: (1) on a largest possible interval limited by the common coverage of the two data
sets compared and (2) on 2000 cm�1 wide intervals starting from 30 000 cm�1 to better investigate the evolution of the

ARTICLE IN PRESS

Fig. 4. Temperature dependence: (a) absorption cross section at 298 K, (b) temperature coefficient, and (c) correlation coefficient of the linear regression.
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Table 3
Description of existing literature data.

Author T (K) Region Techniquea Resolution Sampling ewn (nm) exs (%) Comment

Warneck et al. [20] 295 185–315 nm H+G 0.1 nm nb nb nb

Thompson et al. [26] 295 296–302 nm L 0.02 nm 0.01 nm 0.01 2

Woods et al. [22] 293 297–301 nm LD 0.002 nm 0.01 nm 0.002 6

Brassington [32] 292–300 290–317 nm L+LD 0.05 nm 0.02 nm 0.01 3 Average of several

spectra taken at T

ranging from 292

to 300

Wu and Judge [25] 294 299–339 nm S+G 0.06 nm 0.05 10

Leroy et al. [30] 218, 263,

292, 296

281–312 nm D+G 0.2 nm

(0.015 nm at

292 K)

1.4 nm nb 4

McGee and Burris [29] 210, 295 300–320 nm D+G 0.03 nm 0.03 nm 0.01 2–10

Hearn and Joens [31] 300 228–339 nm D/W+G 0.06 nm 0.02 nm 0.03 4

Vandaele et al. [21] 295 27 000–4000 cm�1

(250–370 nm)

X+FT 2 and

16 cm�1

0.96 cm�1 2.5

Ahmed and Kumar [34] 300 279–320 nm A+G 0.2 nm 0.17 nm 0.03 3

Manatt and Lane [28] 293 106–403 nm – 0.1 nm 0.1 nm nb nb Compilation of

literature data

Vattulainen et al. [23] 293, 873,

1073

195–350 nm D+G+PM 0.5 nm 0.5 nm 0.1 nm 3

Wu et al. [24] 200, 295,

400

208–295 nm S+G 0.05 nm 0.005 0.05 nm 10

Bogumil et al. [33] 203, 223,

243, 273,

293

230–395 nm X/W+G 0.24 and

0.26 nm

0.12 nm 0.01 nm 3 Values at 293 K

scaled to Vandaele

et al.; others:

surface indep. of T

Rufus et al. [27] 295 220–325 nm X+FT 4–16 m Å 0.0006 nm 10 m Å 5

Danielache et al. [35] 293 30 300–52 500 cm�1

(330–190 nm)

D+FT 25 cm�1 8 cm�1 nb 1.2 Isotopic effect

For each reference, the following information is given: temperature, spectral region, technique used, spectral resolution, uncertainty e on the wavelength

scale and on the cross section, and some general comment.
a A ¼ Argon arc lamp; H ¼ Hg lamp; D ¼ Deuterium lamp; S ¼ Synchrotron radiation; X ¼ Xenon arc lamp; W ¼ Tungsten lamp; G ¼ grating;

FT ¼ Fourier transform spectrometer; L ¼ dye laser; LD ¼ dual beam dye laser; and PM ¼ photomultiplier.
b n ¼ Not specified.

Table 4
Results of the comparison of the SO2 absorption cross sections at room temperature with data from the literature.

Reference sLit ¼ a+b�sThis work sLit ¼ c�sThis work Shift

a (cm2/molec) b c (cm�1) (nm)

Thompson et al. [26]

[33182–33 761] 1.80e�020 1.04 1.07 �0.2 �0.00

Brassington [32]

[31554–34 468] 8.24e�021 1.04 1.05 1.0 0.01

[31554–32 000] 3.94e�021 1.03 1.06 �3.1 �0.03

[32 000–34 000] 1.02e�020 1.04 1.05 0.6 0.01

[34 000–34 468] 4.20e�021 1.04 1.04 4.3 0.04

McGee and Burris [29]

[31 211–33 333] 2.11e�020 0.96 1.01 1.9 0.02

[31 211–32 000] 1.03e�020 1.00 1.09 �2.4 �0.02

[32 000–33 333] 3.20e�020 0.94 1.00 2.0 0.02

Hearn and Joens [31]

[29 427–43 987] 3.36e�020 0.96 1.01 �1.4 �0.01

[30 000–32 000] 1.59e�021 1.07 1.08 �2.3 �0.02

[32 000–34 000] 3.04e�020 0.93 0.98 �1.2 �0.01

[34 000–36 000] 6.09e�020 0.92 0.99 �1.3 �0.01

[36 000–38 000] 8.37e�020 0.90 1.05 �3.2 �0.02

[38 000–40 000] 6.82e�020 0.97 1.28 �6.7 �0.04

[40 000–42 000] 4.43e�020 1.17 2.04 �11.6 �0.07

[42 000–43 987] 4.10e�020 1.13 1.41 �14.9 �0.08

A.C. Vandaele et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 2115–2126 2121
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shift and of the a and b parameters with wavenumber. The detailed comparison of the data obtained in this work with data
from the literature is illustrated in Fig. 5, where the absolute differences are shown in the lower panels. In those
comparisons, shifts (corresponding to the largest interval, see Table 4) have already been applied so that conclusions on the
amplitudes of the cross sections can be drawn. It should be remembered that the choice of a Gaussian function as
representative of a grating instrument is not perfect: it is only a good approximation to the exact instrument line shape.
Moreover, the resolution (width of the ILS) is not necessarily constant on the entire spectral range investigated. This might
explain some of the differences observed between two data sets, essentially around the peaks of absorption. Similar spikes
are also introduced when there is a slight shift between the two spectral scales.
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Table 4 (continued )

Reference sLit ¼ a+b�sThis work sLit ¼ c�sThis work Shift

a (cm2/molec) b c (cm�1) (nm)

Vandaele et al. [21]

[30 509–38 511] 1.43e�020 0.98 1.00 �0.4 �0.00

[30 509–32 000] 2.69e�021 1.01 1.04 �0.4 �0.00

[32 000–34 000] 1.34e�020 0.96 0.99 �0.4 �0.00

[34 000–36 000] 2.99e�020 0.96 0.99 �0.4 �0.00

[36 000–38 000] 4.00e�020 0.95 1.02 �0.5 �0.00

[38 000–38 511] 5.28e�020 0.92 1.11 �0.5 �0.00

Manatt and Lane [28]

[29 000–44 000] 1.25e�020 1.03 1.05 1.5 0.01

[30 000–32 000] 2.03e�021 1.07 1.09 �5.9 �0.06

[32 000–34 000] 4.43e�020 0.96 1.03 1.8 0.02

[34 000–36 000] 2.37e�019 0.76 1.05 �3.6 �0.03

[36 000–38 000] �1.72e�021 1.06 1.06 �20.9 �0.15

[38 000–40 000] 3.41e�020 0.94 1.09 �2.0 �0.01

[40 000–42 000] 1.69e�020 0.88 1.19 �30.6 �0.18

[42 000–44 000] �2.75e�022 1.85 0.90 23.5 0.13

Vattulainen et al. [23]

[29 025–44 000] 7.10e�020 1.00 1.12 �44.0 �0.32

[30 000–32 000] 2.11e�020 1.10 1.32 �32.3 �0.33

[32 000–34 000] 7.49e�020 0.96 1.10 �37.0 �0.34

[34 000–36 000] 2.82e�019 0.74 1.10 �30.7 �0.25

[36 000–38 000] 6.23e�020 1.02 1.13 �50.0 �0.37

[38 000–40 000] 7.92e�020 0.94 1.31 �40.2 �0.26

[40 000–42 000] 1.29e�019 0.18 2.84 �40.7 �0.24

[42 000–44 000] 1.80e�019 1.74 3.24 �9.3 �0.05

Wu et al. [24]

[34 511–44 000] 3.11e�020 0.88 0.93 �15.0 �0.10

[34 511–36 000] 8.43e�020 0.82 0.92 �14.8 �0.12

[36 000–38 000] 4.91e�020 0.84 0.93 �15.3 �0.11

[38 000–40 000] 2.74e�020 0.91 1.03 �11.5 �0.08

[40 000–42 000] 2.81e�020 0.88 1.44 �9.7 �0.06

[42 000–44 000] 2.80e�020 0.96 1.15 �18.1 �0.10

Bogumil et al. [33]

[29 000–41850] 1.11e�020 0.99 1.00 �10.7 �0.09

[30 000–32 000] 4.46e�022 1.03 1.04 �9.7 �0.10

[32 000–34 000] 1.45e�020 0.98 1.01 �10.8 �0.10

[34 000–36 000] 4.35e�020 0.94 0.99 �10.5 �0.09

[36 000–38 000] 1.99e�020 0.98 1.01 �10.9 �0.08

[38 000–40 000] 2.84e�020 0.94 1.08 �8.5 �0.06

[40 000–41850] 3.20e�020 0.88 1.55 �8.4 �0.05

Rufus et al. [27]

[30 759–44 000] 6.36e�021 0.92 0.93 0.0 0.00

[30 759–32 000] 1.67e�021 0.90 0.92 0.0 0.00

[32 000–34 000] 3.47e�021 0.92 0.93 0.1 0.00

[34 000–36 000] �5.02e�021 0.94 0.93 0.0 0.00

[36 000–38 000] �1.04e�020 0.95 0.93 0.0 0.00

[3 8000–40 000] 2.11e�020 0.87 0.97 0.0 0.00

[40 000–42 000] 1.63e�020 0.92 1.19 0.3 0.00

[42 000–44 000] 1.86e�020 0.69 0.81 0.0 0.00

a represents the multiplicative factor existing between the values of this work and the literature data. The last column indicates the spectral shift nLit�nThis work,

expressed in wavenumber and wavelength (conversion at the center of the interval).
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Fig. 5. Comparison of the SO2 absorption cross section at 298 K of this work (black solid line) with data from the literature (red dash line): (a) Thompson et al. [26], (b) Brassington [32], (c) McGee and Burris

[29], (d) Hearn and Joens [31], (e) Vandaele et al. [21], (f) Manatt and Lane [28], (g) Vattulainen et al. [23], (h) Wu et al. [24], (i) Bogumil et al. [33], and (j) Rufus et al. [27]. The bottom panels show the sLit/sThis

work ratios, the line representing unity. Data from the literature have been spectrally shifted in accordance to Table 4. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Thompson et al. [26] investigated the 296–301 nm region using a frequency-doubled dye laser, which gave a very
accurate wavelength scale. Indeed, the comparison with our new data shows that the shift between the two data sets is
about 0.002 nm, which is far less than the announced accuracy (0.01 nm, see Table 3). Their cross section values are on
average 7% larger than ours. Brassington’s data [32] agree within 5% with the new data of this work. However, a wavelength
shift exists which varies a lot on the common spectral interval and is larger than the stated accuracy. Data from McGee and
Burris [29] are in very good agreement with our new data (within 1%), when considering the whole common spectral
interval with a constant shift of about 0.02 nm, i.e. twice the accuracy on their wavelength values. However, below
32 000 cm�1, the discrepancy is mainly due to an offset: if a small offset of 1.03�10�20 cm2/molec is introduced, the
agreement is nearly perfect. From Fig. 5(d), it can be seen that the cross section values from Hearn and Joens [31] are in
good agreement with the new data (within 5%) between 32 000 and 38 000 cm�1 and are higher above, the discrepancy
being explained by a mix of an offset and a multiplicative factor. There is also a wavelength shift growing from 0.01 to
0.08 nm but it is always lower than, or of the order of, the announced accuracy below 40 000 cm�1. Comparison with the
data of Vandaele et al. [21] shows an agreement of 2% between the two data sets over the 32 000–38 000 cm�1 range. They
are higher outside those limits. Data of Vandaele [21], which have been obtained at the same resolution as that used in this
work, and with a similar instrument, are, however, noisier because they result from the co-addition of a smaller number of
individual spectra. A small wavenumber shift has been found. Note that these data were not calibrated with respect to well
known absorption lines, such as in the present work. The data of Manatt and Lane [28] show variable agreement with the
new data as a function of the spectral interval, which can be explained by the fact that they are a compilation from different
literature sources. The good agreement observed for the largest interval and reported in Table 4 is, in our opinion,
fortuitous, as large errors seem to compensate themselves over the wide interval. However, the values of the a and b

parameters vary a lot from one small interval to the other. Note that the scale of the graph representing the Manatt’s data
(and also that of the Vattulainen’s data) is different than that of the other plots. Vattulainen et al. [23] report values of the
SO2 absorption cross sections at 293 K at a resolution of 0.5 nm. The comparison also shows different agreement depending
on the spectral interval considered. There is a practically constant wavelength shift of 0.3 nm lower than the estimated
accuracy of 0.5 nm. Data of Wu et al. [24] are systematically lower than ours below 38 000 cm�1 and higher above (see
Fig. 5(h)) and present a quasi-constant wavelength shift of 0.1 nm on the whole interval. Bogumil et al. [33] measured the
SO2 cross section at low resolution (0.24 nm) in support of the SCIAMACHY instrument on board the European ENVISAT-1
satellite. The overall agreement is better than 1% for the cross section intensities. There is a wavelength shift of 0.1 nm
between the two data sets. Finally, the data of this work have been compared to those of Rufus et al. [27], who measured
the absorption cross section of SO2 at very high resolution (4–16 m Å). The comparison with our data was done after
convolving their data to correspond to our resolution. The agreement on the intensity values is within 7% on average, the
larger differences appearing at the peak, where, as already explained, some problems of convolution might be more critical.
No wavenumber shift was detected between the two data sets, confirming the high accuracy of the wavenumber scales of
both studies.

One can summarize on the basis of Table 4 and Fig. 5 that the present cross sections best agree with the data of Bogumil
et al. [33] and of Vandaele et al. [21] wavenumber calibration problems aside. But, compared to the present work, previous
Vandaele’s data appear noisier, and Bogumil’s optical densities at 293 K were scaled to the measurements of Vandaele et al.
[26] and also cover a narrower spectral interval. Rufus’ data [27] are also very interesting to compare with, because of their
high resolution, but peak intensities are lower.

4.2. Higher temperatures and temperature effect

No measurement of the SO2 absorption cross section could be found in the literature corresponding to the exact higher
temperatures investigated in this study. We have thus based the comparison on the temperature effect, using only data sets
with at least three different temperature measurements [24,33]. The comparison is illustrated in Fig. 6, for some selected
wavenumbers, all comprised 36 000 and 38 000 cm�1. This interval has been chosen because all three sets included in this
comparison have data in this region. Data of this work and of Wu et al. have been convolved to the resolution of Bogumil et
al. data, which have been obtained at the lowest resolution (0.24 nm). In this figure, data from Bogumil et al. [33] have been
shifted by 10.7 cm�1 (see Table 4). Unexpectedly, the data of Wu et al. [24] presented different wavelength shifts for the
different temperatures: data at room temperature were shifted by 15.0 cm�1 (see Table 4), those at 200 K by 10.0 cm�1, and
those at 400 K by 20.0 cm�1. The existence of shifts due to the temperature has never been reported elsewhere and is not
observed in the present work. Recently, Danielache et al. [35] reported shifts of the SO2 absorption cross sections, but these
were related to isotopic shifts which are expected by theory. To concentrate on the comparison of the temperature effect,
intensities from Bogumil et al. and of Wu et al. were shifted so that values at room temperature were equal to the values
found in this work. In that way, we eliminate the differences existing between the first term of the right-hand side of
Eq. (2), s298 K(n), leaving only the comparison of the second term, the temperature effect. It is worth mentioning that the
examples shown in Fig. 6 are all ‘good’ cases. In general, we have observed that: (i) the cross section values of Bogumil et al.
at 273 K did not always follow the same evolution as the other Bogumil values. This was already discussed by Bogumil
et al.: they attributed the different behavior to a lamp drift problem; (ii) the lowest temperature values from Bogumil et al.
depart from linearity; and (iii) Wu et al. data showed little linearity. However, several approximations had to be introduced
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that may explain the observed disagreement: wavelength shifts which were held constant even if the comparison between
data at room temperature has shown that this is not the case; convolution to a very low resolution, and interpolation.

5. Conclusions

This paper, in combination with the PI paper, presents new absorption cross sections of SO2 at high resolution and at
temperature between 298 and 358 K covering a broad spectral region (24 000–44 000 cm�1; 227–420 nm). A new extensive
data set is therefore obtained which should be of particular interest for future planetary measurements. The complete data
set comprising the absorption cross sections and their systematic and non-systematic errors at different temperatures is
available in electronic format from the website of the Belgian Institute for Space Aeronomy: http://www.aeronomie.be/
spectrolab/.

Literature data have been reviewed and compared to the present data at equivalent resolutions and coincident
wavenumber scales. At room temperature, a very good agreement with most of the literature data is observed. It also shows
that some of these data suffer from inaccurate wavelength calibration. The detailed comparison performed in this study
gives an overview of what exists for this molecule and should be helpful for improving spectroscopic databases.

Literature data have been gathered in order to investigate the temperature dependence of SO2 absorption cross sections.
The decreasing trend of cross sections as a function of temperature is well established and the choice of a linear
parametrization is a good approximation within each data set. However, it is far from perfect when combining the different
data sets.
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