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Abstract

The available laboratory measurements of UV-Vis (240-790 nm) absorption cross-sectigramafid are critically reviewed taking
into account the variation of the cross-sections with temperature (in the 200—300 K range) and with total peeisaumg. (
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1. Introduction concentrations using the full spectral information in the
240-790 nm region. Besides the improved accuracy for the
The changing atmosphere of the Earth is a subject of greatOs measurements that results from this broad spectral cover-
public and political intereqtl—6]. Three topics are currently ~ age at medium resolution (includings@rofile retrieval), it
of major concern: (1) the destruction of the stratospheric is possible to detect many other species of atmospheric rel-
ozone layer that protects life from harmful solar ultraviolet evance (NG, H>O, BrO, OCIO, SQ, H,CO, NG3) as well
(UV) radiation, (2) the pollution of the troposphere by trace as atmospheric properties such as cloud coverage, cloud
gases that lead to changes in the oxidising capacity of theoptical depth, aerosols distributions, surface albedo, etc.
atmosphere and are harmful for human health, and (3) the GOME was followed by the SCIAMACHY8,9] instru-
significant increase of the so-called “greenhouse” gases thatment (launched in march 2002 onboard ENVISAT-1), and
absorb little in the UV-Vis where solar radiation has its max- will be continued by the GOME-2 instruments onboard
imum but strongly in the infrared region where the Earth’'s the METOP satellites (first launch in 2004), by the OMI
emission is strongest, thereby decreasing the cooling cycle ofinstruments onboard EOS-Aura (launch in 2004) and by
the Earth system. In this context, the long-term monitoring of other UV-Vis spectrometers using diode-array detectors
the Earth’s atmosphere on a global scale is essential to iden{e.9g. MAESTRO onboard ACE, to be launched in 2003).
tify and to understand changes, and to predict the evolutionIn order to derive trace gas concentrations from the atmo-
by chemical and climate models. However, ground- or spheric spectra, accurate reference spectra for each absorber
air-borne instruments can only cover parts of the atmo- at the relevant atmospheric conditions (temperature and
sphere. Therefore, atmospheric remote-sensing by satellitgpressure) are indispensaljlid]. However, today there are
instruments is the only tool to provide the necessary data. many different laboratory measurements available, with
In the past decade, a new generation of multi-spectral different experimental conditions (spectral resolution, spec-
remote-sensing instruments using medium-resolution tral regions covered, sample temperature and total pressure,
diode-array spectrometers in the ultraviolet, visible, and etc.) and with varying accuracies. It is, therefore, impor-
near-infrared has been developed. Since the successfutant to compare this data and to identify discrepancies and
launch of the first of these new experiments, GOIE systematic errors.
onboard ERS-2 in 1995, it is possible to study global O In this paper, we report a review of the available labo-
ratory measurements of the absorption cross-sectiong of O
S and NG for the new atmospheric remote-sensing instru-
¥ Thi_s paper is a modified and significantl)_/ reduced version of the ESA mants. It is a difficult task to compare laboratory measure-
Technical Note MO—TN—E?A—GO—OS_OZ, published by the European Space ments. We have. therefore. used several methods to take
Agency, ESTEC, Noordwijk, 2002, in two volumes. . . ! . )
* Tel.: +33-1-6915-752886; fax:1-6915-753055. into account possible sources for systematic errors: studying
E-mail address:Johannes.orphal@ppm.u-psud.fr (J. Orphal). the influence of resolution and wavelength accuracy on the
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cross-sections, comparing the cross-sections at single wavestrong temperature dependence due to the varying slope of
lengths, comparing the cross-sections over broad spectrathe Hartley band and to the sharpening of the individual
regions, comparing integrated cross-sections, studying thebands at lower temperatures. Due to the drastic change of the
influence of temperature, using non-linear least-squares fitscross-sections with wavelength (over more than five-orders
in regions where the cross-sections vary rapidly with wave- of magnitude) it is impossible to measure the entire Hug-
length, and comparing different approaches to model the gins band system at once (i.e. with the same combination
temperature dependence of the absorption cross-sections. of absorption path and{Jpartial pressure). In the past, sev-
eral analytical expressions have been proposed to interpolate
the temperature-dependence of the absorption cross-sections

2. Ozone in this region. The Huggins bands are currently used for

spectroscopic remote-sensing of By many experimental
2.1. The @ absorption spectrum in the techniques (Dobson spectrometers, Brewer spectrometers,
240-790 nm region TOMS, DOAS, etc.).

The Chappuis band is a broad structure in the visi-

The Qs absorption cross-sections in the 240—790 nm re- ble region between about 380 and 800 nm which is more
gion can be separated into four systems: the Hartley band,than thousand times weaker than the Hartley band (see
the Huggins bands, the Chappuis band, and the Wulf bandsFig. 4). The residual structures (similar to those observed
extending towards longer wavelengths (§ég 1). in the Hartley band) arise from quantum mechanical inter-

The Hartley band is the strongest band extending from ferences between two interacting excited electronic states
about 200-320 nm and peaks around 255 nm. Although itsand show only little variation with temperature. The re-
overall shape is very smooth, determined by the short life- gion between 400 and 500 nm is also used for atmospheric
time of Gz in the upper electronic state due to rapid photodis- remote-sensing of ©from ground, air- and space-borne
sociation, there is a residual vibrational structure &ge2), Sensors.
due to quasiperiodical orbits of the electronic wavepack-  For all these bands in the 240—-790 nm region, there exists
ets before dissociation in the upper state, a structure thata large number of laboratory measurements using different
is slightly temperature-dependent (due to the change of thespectrometers and experimental conditigh$—61] Note
Franck—Condon point with temperature). Although the over- that many new measurements have been published in the
all structure of the Hartley band is theoretically well under- past 15 year§36-61]
stood, there is currently no calculation that is able to predict  In the following sections, several approaches will be used
the absorption cross-sections of @ithin experimental ac-  for comparing the @ absorption cross-sections: absolute
curacy or better. values at selected wavelengths, absolute values over large

The Huggins bands consists of a series of individual peaksregions, integrated cross-sections, and non-linear least-
extending from about 300-390 nm (sEig. 3), showing a squares fits.
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Fig. 1. The Q spectrum at room temperature (source: Richter et al.).
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Fig. 2. The Q cross-sections at the peak of the Hartley band (source: Richter et al.).

2.2. Relative change of thes@pectrum with spectral data are not showing up in these comparisons. Two exam-
resolution and wavelength shifts ples are given irFigs. 5 and 6 The results have been vali-
dated using different sets of laboratory data and are grouped
In a first step, we have investigated the sensitivity of in three regions: 240-310, 310-410, and 410-790 nm.
the 3 spectrum to wavelength calibration and to spectral The region between 310 and 410 nm requires special at-
resolution, in order to assess their influence on the absorp-tention due to the strong differential structures present
tion cross-sections which will be compared afterwards. It is here.
important to stress the fact that, since relative changes are In the 240-790nm region (except between 310 and
studied, the differing absolute values of the cross-sections410 nm), the @ spectrum changes by1% for wavelength
and the wavelength calibration errors in the experimental shifts of 0.05nm or less. In the 240—-790 nm region (except
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Fig. 3. The Q cross-sections in the Huggins bands (source: Richter et al.).
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Fig. 4. The Q cross-sections in the Chappuis band (source: Richter et al.).

between 310 and 410nm), thes @pectrum changes by

for different wavelength shifts are resolution-dependent: for

<0.2% when the spectrum is convoluted with a Gaussian of lower resolution (e.g. for the GOME-FM spectra at a spec-

0.1 nm FWHM, and by0.05% when the spectrum is convo-

tral resolution of about 0.2 nm) wavelength shifts of 0.05 nm

luted with a Gaussian of 0.01 nm FWHM. In the 310-410 nm introduce changes in thes@pectrum of up to 9% and even
region, the @ spectrum (at spectral resolutions of 0.025 nm shifts of only 0.01 nm still introduce changes of up to 1.5%.
or better) changes by up to 20% for wavelength shifts of In the 310—410 nm region, thes@pectrum changes by up
0.05nm and by up to 7% for wavelength shifts of 0.01 nm. to 9% after convolution with a Gaussian of 0.1 nm FWHM

In this region (310—-410 nm) the changes in thespectrum

by up to 0.2% after convolution with a Gaussian of 0.01 nm.
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Fig. 5. Relative change of thesGpectrum (sourcd7,8,55,90]spectral resolution ca. 0.2-0.4nm) after a wavelength shift @01 nm.
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Fig. 6. Relative change of thesGpectrum (sourcd30,31,48,53]spectral resolution ca. 0.01 nm) after convolution with a Gaussian function of 0.01 nm
FWHM and of 0.1 nm FWHM.

Unfortunately there are only few laboratory measurements a weakly-bounded &-O3 complex. Note that the £dimer
at very high resolution (0.01nm or better) and with very has been predicted by theory and was observed recently in

accurate wavelength calibration (0.01 nm or better). low-temperature matricd62,63] However, for the remain-
der of this paper, we will not consider differences in total

2.3. Relative change of thesGpectrum with pressure in the various laboratory experiments, because

total pressure the effects of @-O3 complex formation—if they exist at

all—on the @ cross-sections are very small.

A second important point was to study the relative
change of the @ spectrum with total pressure, as a po- 2.4. Comparison of the £xross-sections between 230 and
tential source for systematic differences between different 790 nm at 298+ 5 K
laboratory measurements. However, at present, there is no
experimental or theoretical support for a pressure depen-2.4.1. G cross-sections at single wavelengths
dence of the @ cross-sections in the entire spectral region  Using data from different experiments, averageg O
240-790 nm, although one group0] has proposed that cross-sections at room temperature (298 K) were cal-
temperature-dependent variations of the cross-sections inculated at 10 single wavelengths between 253.65 and
the region around 400 nm might be due to the formation of 632.82 nm, with uncertainties between 0.7 and 2.0%. The

Table 1
Average absorption cross-sections of*@it 298+ 5K
Wavelength (nm) Valuex10-2%cn?) Uncertainty Uncertainty (%) Number of Dispersion of
(x10~20¢cn?) experimental data experimental data
253.65 1141 10 0.9 17 [-1.3%;1.4%)]
289.36 149 3 2.0 13 [-3.4%-3.4%)]
296.73 60.3 0.9 1.6 13 [-5.2%:4.2%)]
302.15 29.2 0.5 1.8 12 [-2.7%4.1%)]
543.52 0.0314 4 1074 1.4 8 [-1.4%,+1.9%)]
576.96 0.0477 4¢ 104 0.8 10 [-6.1%,+1.9%)]
594.10 0.0470 6¢< 104 1.2 8 [-1.9%,+2.1%]
604.61 0.0522 5 104 0.9 7 [-2.5%,+0.9%)]
611.97 0.0466 4 1074 0.7 7 [-2.5%,+0.9%]
632.82 0.0346 4 104 1.2 7 [-1.2%,4+2.3%)]

aThe cross-sections are given in units of #@cn?. Uncertainties ared.
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Table 2

Integrated absorption cross-sections @f @t 298+ 5K

Reference Hartley band Chappuis band Huggins band Blue tail of the Chappuis band
Bass and Pauj27,33,34] 3.55x 10716 (+£0.0%) - 8.20x 10720 (—1.2%) -

Brion et al.[30,31,43,47,48,52]  3.52x 10716 (-0.8%) - 8.32x 1070 (+0.3%) -

Richter et aP 353 x 10716 (—0.6%) 6.47x 10°1° (+1.6%) 8.25x 10720 (—0.6%)  7.23x 1020 (+8.4%)
Burrows et al.[55] 3.57 x 10716 (+0.6%)  6.45x 10719 (+1.2%)  8.35x 10720 (+0.6%)  6.75x 10720 (+1.1%)
\Voigt et al. [54,56,60] 3.58 x 10716 (+0.8%) 6.42x 1071% (+0.7%)  8.35x 10?0 (+-0.6%)  6.75x 1020 (+1.1%)
Bogumil et al.[57-59,61] 3.55x 10716 (£0.0%) 6.41x 10°1° (+0.5%) 8.33x 102 (+0.4%) 6.52x 10720 (—2.2%)
Burkholder and Talukdaj51] - 6.21x 10719 (—2.6%) - 6.35x 10720 (—4.8%)
Brion et al.[53] - 6.29x 10°1° (-1.3%) - 6.43x 10720 (—3.6%)

Average value relative uncertainty ~ 3.5510716 (+£0.6%)  6.38x 10719 (+1.6%) 8.30x 10720 (£0.7%) 6.67x 10720 (+4.8%)

aThe integrated cross-sections are given in units of ermm.
b Unpublished values based on the datg5].

results are summarized rable 1 The average values given of the strong influence of small wavelength shifts and of the
in this table are those determined after eliminating measure-spectral resolution, we have used the following procedure,
ments having larger deviations than the stated experimentalin the region 323—-343 nm:

uncertamue;. Clearly, there_ IS a Iarg(_a gap betweer_l 302 and. all spectra were convoluted with a Gaussian with a 0.4 nm
543 nm, which cannot be filled by simple comparisons of

) FWHM;
the experimental data. . .
o the spectrawere compared using a non-linear least-squares

fitting program, with five fitting parameters: a quadratic
polynomial (three parameters) accounting for small base-
line differences, a scaling coefficient accounting for dif-
ferences in the absolute magnitude of the cross-sections
(one parameter), and a linear wavelength shift coeffi-
cient (one parameter) accounting for differences in the
in the Hartley band between 245 and 340 nm; wavelength calibration.

in the Chappuis band between 410 and 690 nm;

in the Huggins bands between 325 and 340 nm;

in the blue tail of the Chappuis band between 410 and
520 nm.

2.4.2. Integrated @ cross-sections

Because the integrated absorption cross-sections are
rather insensitive to differences in spectral resolution and
wavelength calibration, we have calculated these values for
the following regions:

The convolution is employed to minimize the influence of
spectral resolution when comparing cross-sections recorded
at high spectral resolution with cross-sections recorded at
lower resolution. The non-linear least-squares fitting pro-

The results are shown ifable 2 One can state that the gram is employed to minimize the influence of wavelength
agreement between the different data is better than 1.2% forshifts and of baseline drifts or straylight. We have verified
the Hartley and Huggins bands, but less (up to 2.7%) for that the convolution does not change the scaling and shifting
the Chappuis band, and much less for the blue tail of the parameters within the experimental uncertainties.
Chappuis band. Two examples of the fits are given ikigs. 7 and 8

Using the relative differences obtained from the non-linear
2.4.3. Comparison of the {ross-sections in the Huggins least-squares fits, we have determined the relative differ-
bands ences of each individual spectrum to the average values

To compare the availablegbsorption cross-sections in  (taking into account the different wavelength shifts and
the Huggins bands, a different approach is required. Becausehe baseline differences) for thes@ross-sections in this

Table 3

Comparison of @ cross-sections in the Huggins bands at 298K using a non-linear least-squares fit approach

Reference 1 Reference 2 Shift (nm) Scaling factor Scale to mean
- Bass and PauR7,33,34] - 1.000 0.996

Bass and Paui27,33,34] Brion et al.[47,48,52] —0.043 1.001 0.997

Bass and Paui27,33,34] \oigt et al. [54,56,60] —0.029 0.956 0.953

Bass and Paui27,33,34] Richter et aP —0.013 1.014 1.010

Bass and Pauj27,33,34] Burrows et al.[55] —0.013 1.002 0.965

Bass and Paui27,33,34] Bogumil et al.[57-59,61] —0.015 1.049 1.045

Mean: 1.004+ 0.030.
aUnpublished values based on the date5H].
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region (323-343nm) at 29& 5K. It is very important 2.5. Comparison of the $cross-sections between 230

to take into account these systematic differences whenand 790 nm at temperatures below room temperature
comparing @ columns determined from the different (203—-280 K)

cross-sections. The results are presentedaible 3 Note

that similar comparisons were made for lower temperatures In order to study the absorption cross-sections at tem-
(Section 2.5.3 peratures below ambient, we used the same approaches as
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for the comparisons at room temperature, at four selectedthese features is also in general agreement but needs to be
temperatures where sufficient laboratory measurements arequantified by another method (e.g. non-linear least-squares

available: 276t 4, 243+ 3, 221+ 3 and 203t 1 K. fits taking into account different baselines, as used for the
The following G; absorption cross-sections were available Huggins bands).
in digital form over relatively large spectral intervals: However, there is strong disagreement between the

available laboratory cross-sections concerning the rel-
ative temperature dependence in the regions 400-550
and 650-790nm, where the overall temperature depen-
dence is rather irregular except for the cross-sections of

e Bass and coworkers (245-343 nf@y,28,33,34]
Brion and coworkers (300-345 and 515-650nm)
[29-31,43,47,48,52,53]

* Bprkholder and Talukdar (407-763 O@l]; . Burkholder and Talukdar. The discrepancies between the
e Richter et al. (231-794 nm) (unpublished data, 1995); . . .
) available absorption cross-sections could be due to base-
e Burrows et al. (231-794 nnjp5]; ! S
. g line problems in different measurements because of the
e \oigt et al. (231-851 nm[B0]; . : : A
. small cross-sections in these regions, but it is difficult to
e Bogumil et al. (230-1070 nn{p1]. : ) .
draw conclusions from experimental data with such a large
Note that Burkholder and Talukdaj51] and Brion dispersion.
and coworkers[48,52] did not measure § absorption The quasi-period features appearing in the blue and red
cross-sections at temperatures below 218 K. wings of the Chappuis band (400-550 and 650-790 nm)

are clearly visible in all available data. The features are re-

2.5.1. Relative change of thes@bsorption cross-sections lated to an increase in the differential cross-sections of up
with temperature to 10% between 298 and 203 K. In addition to this differ-

For each set of laboratory cross-sections at different ential effect, the band structures between 400 and 500 nm
temperatures, the relative change of thg @&bsorption show shifts towards shorter wavelengths with decreasing
cross-sections with temperature was studied. This approachtemperature, see the figures by Burrows et al. and Voigt
allows the identification of regions where the effect of tem- et al. in the relevant papers. This effect was first observed
perature is dominant, and reduces systematic errors dueby Richter et al. and is important for atmospheric retrievals
to the determination of @amounts during the laboratory of Os.
measurements.

In the Hartley band (240-310nm), the cross-sections 2.5.2. Comparison of the integrated; ©ross-sections
increase only slightly with decreasing temperature at wave- at temperatures below ambient: 2264, 243+ 3,
lengths below 260 nm, and start to decrease significantly at221+ 3, and 203+ 1 K
lower temperatures at wavelengths above 260 nm. There is As for the cross-sections at room temperature, we have
agreement between most of the laboratory measurementsompared the integrated cross-sections since they are rather
concerning the “inversion” point around 260 nm and con- insensitive to small wavelength shifts and the ILS. Integrated
cerning the appearance and amplitude of small periodic cross-sections were calculated for every temperature in the
features in the ratio between the cross-sections at low andfollowing spectral regions:
at ambient temperatures_. _Although_there is currently no « The Hartley band (245340 nm).
accurate theoretical prediction for this behaviour, we want .
to stress the fact that this is basically the same effect as® The Chap!ows band (410-690 nm).

. .~ e The Huggins bands (325-340 nm).

observed upon a small wavelength shift of the absorption : .

. e The blue tail of the Chappuis band (410-520 nm).
cross-sections towards longer wavelengths when the tem-
perature decreases. Note that the latter two windows are currently used for

In the Huggins bands (310-350 nm), the changes of the atmospheric @ retrieval.
cross-sections with decreasing temperature are very strong. The results are presentedTable 4a—d.
Additionally, they depend on the instrumental line shape At all temperatures, the agreement of the integrated
(e.g. compare the data of Brion et al. and Burrows et al.). cross-sections in the Hartley band is better than 2%. The
The Huggins bands clearly need to be studied independentlyagreement in the Chappuis band is less satisfying, in partic-
taking into account the differences in spectral resolution ular because the integrated cross-sections of Burkholder and
and wavelength calibration (se®ection 2.4.3above and Talukdar are systematically below the other measurements
Section 2.5.3elow). by about 3%, and because the data of Burrows et al. are
In the Chappuis band (400-790 nm), the available lab- always higher than the other measurements by about 2%. In
oratory cross-sections agree in showing very small or no the Huggins bands, the integrated cross-sections scatter by
changes of the peak cross-sections (between ca. 550 andeveral percent, indicating systematic differences between
650 nm) with temperature. There is also good agreementthe available data, and also in the blue tail of the Chappuis
concerning the increase of differential structure with de- band.
creasing temperature, which shows up as quasi-periodic fea- Note that within the experimental uncertainties, the in-
tures in the ratio of the cross-sections. The magnitude of tegrated cross-sections of the Hartley and Chappuis bands
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Table 4

Integrated cross-sections ok @t different temperatures

Reference 295k 3K 276 + 4K 243+ 3K 221+ 3K 203+ 1K

(a) In the Hartley band (245-340 nn)
Bass and Paui27,33,34] 3.55 3.54 3.54 3.53 3.52
Brion et al.[30,31,43,47,48,52] 3.52 - 3.50 3.50 -
Richter et aP 3.53 3.49 3.49 3.47 3.47
Burrows et al.[55] 3.57 3.58 3.58 3.56 3.56
Voigt et al. [54,56,60] 3.58 3.57 3.59 3.56 3.56
Bogumil et al.[57-59,61] 3.55 3.56 3.56 3.56 3.56
Average value 3.55 3.55 3.54 3.53 3.53
Relative uncertainty (%) +0.6 +1.0 +1.1 +1.1 +1.2

(b) In the Huggins bands (325-340 rfm)
Bass and Pauj27,33,34] 8.20 7.27 6.21 5.70 5.44
Brion et al.[30,31,43,47,48,52] 8.32 7.16 6.23 5.65 -
Richter et aP 8.25 7.55 6.28 6.03 5.75
Burrows et al.[55] 8.35 7.73 6.41 6.16 5.93
Voigt et al. [54,56,60] 8.35 7.31 6.18 5.87 5.63
Bogumil et al.[57-59,61] 8.33 7.51 6.46 5.96 5.44
Average value 8.30 7.42 6.30 5.89 5.64
Relative uncertainty (%) +0.7 +2.9 +1.8 +3.3 +3.7

(c) In the Chappuis band (410-690 rfim)
Burkholder and Talukdaj51] 6.21 6.20 6.17 6.15 -
Brion et al.[53] 6.29 - - - -
Richter et aP 6.47 6.45 6.38 6.29 6.39
Burrows et al.[55] 6.45 6.58 6.44 6.55 6.62
Voigt et al. [54,56,60] 6.42 6.52 6.42 6.45 6.51
Bogumil et al.[57-59,61] 6.41 6.43 6.36 6.33 6.42
Average value 6.38 6.44 6.35 6.35 6.48
Relative uncertainty (%) +1.6 +2.3 +1.7 +2.4 +1.6

(d) In the blue tail of the Chappuis band (410-5201m)
Burkholder and Talukdaj51] 6.35 6.29 6.13 5.99 -
Brion et al.[53] 6.43 - - - -
Richter et aP 7.23 7.00 6.90 6.45 6.79
Burrows et al.[55] 6.75 6.91 6.57 6.55 6.69
Voigt et al. [54,56,60] 6.75 6.77 6.55 6.53 6.67
Bogumil et al.[57-59,61] 6.52 6.57 6.44 6.54 6.68
Average value 6.67 6.71 6.52 6.41 6.71
Relative uncertainty (%) +4.8 +4.2 +4.3 +3.7 +0.8

aThe integrated cross-sections are given in units of'6m? x nm.
b Unpublished values based on the datg5H].

¢ The integrated cross-sections are given in units of?2@m? x nm.
4 The integrated cross-sections are given in units of!6rm? x nm.

remain constant in the temperature range considered, withet al. The cross-sections of Voigt et al. and of Bogu-
less accuracy however for the Chappuis band. mil et al. seem to be influenced by baseline drifts (as
also observed when comparing the relative temperature
2.5.3. Non-linear least-squares fits of the @oss-sections  dependence, see above). At all temperatures where data
in the Huggins bands at temperatures below ambient: are available, the agreement between the cross-sections
276+ 4,243+ 3, 221+ 3, and 203+ 1 of Bass and Paur and Brion et al. is good (better than
As already explained aboveSéction 2.4.8 the cross- 0.5%), and both sets of data need only small baseline
sections in the Huggins bands were compared using acorrections.
non-linear least-squares fitting approach. The results from Concerning the wavelength shifts, the results at lower tem-
the non-linear least-squares fits are summarized in theperatures confirm the observations at room temperature: the
Table % and b. wavelength scale of Brion et al. is slightly non-linear, and
At all temperatures including room temperature, the high-order shift-and-squeeze is required for an agreement of
cross-sections of Burrows et al. are the highest, followed better than 0.01 nm. The data of Bass and Paur need signif-
by the data of Bass and Paur, Brion et al., and Richter icant wavelength shifts of 0.03—0.05 nm.
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Table 5
(a) Relative differences in the cross-sections gfdD different temperatures in the Huggins bands (323-343 nm) and (b) wavelength shifts (innm) in the
cross-sections of ©at different temperatures in the Huggins bands (323-343 nm)

Reference 1 Reference 2 295K 273K 243K 223K 203K

(a) Relative differences
- Bass and PauR7,33,34] 1.000 1.000 1.000 1.000 1.000
Bass and Paui27,33,34] Brion et al.[47,48,52] 1.001 0.998 0.995 0.992 -
Bass and Paui7,33,34] \oigt et al. [54,56,60] 0.956 1.040 1.063 1.079 1.195
Bass and Pauj27,33,34] Richter et aP 1.014 1.013 1.016 1.018 1.011
Bass and Paui27,33,34] Burrows et al.[55] 1.002 0.989 0.992 0.995 0.983
Bass and Pauj27,33,34] Bogumil et al.[57-59,61] 1.049 1.050 1.065 1.080 1.077

(b) Wavelength shifts
- Bass and PauR7,33,34] 0.000 0.000 0.000 0.000 0.000
Bass and Paui27,33,34] Brion et al.[47,48,52] -0.043 -0.027 -0.022 -0.026 -
Bass and Paui27,33,34] Voigt et al. [54,56,60] -0.029 -0.030 -0.032 -0.037 —-0.047
Bass and Paui27,33,34] Richter et aP -0.013 -0.007 -0.007 -0.012 -0.015
Bass and Paui27,33,34] Burrows et al.[55] -0.013 -0.007 -0.007 -0.012 -0.015
Bass and Paui27,33,34] Bogumil et al.[57-59,61] -0.015 -0.014 -0.017 -0.025 -0.021

aUnpublished values based on the datd5H].

2.6. Empirical models for the temperature-dependence of
the G cross-sections in the 240-790 nm region

only applied to the temperature-dependence of the O
absorption cross-sections in the Hartley band.
e The second modeBjass and Pajruse a quadratic poly-

First, we want to point out that from the resultsSsction nomial:
2.5.2 we concluded that the integrated cross-sections ;) T) X
change only significantly in the region of the Huggins o0 To) co(A) +c1(A) X T +c2(0) x T

bands. This is consistent with the Born—Oppenheimer ap-

proximation which is applicable for £since there is no
low-lying electronic state that couples the electronic and

whereT is the temperature in K arg (1), c1(1), andca(2)
the wavelength-dependent coefficients. Although there is

no physical interpretation of this model it was concluded
by several authors in the past that this function can re-
produce the temperature-dependence of thali3orption

vibrational wavefunctions for energies corresponding to the
temperature range that is considered here 202-300K. In
the Huggins bands, however, the integrated cross-sections
become lower with decreasing temperature due to the de- cross-sections within the experimental uncertainties, even
creasing absorption of the “red” tail of the Hartley band. in the Huggins bands.

Second, it was concluded that there are relative changeses The third model Yoigt et al] uses a double exponential

of the spectrum which are observed in the peak region of function:
the Hartley band, in the Huggins bands, and in the Chappuis 4, 7Y  co(h) —c1(})
band. These changes are strongest in the Huggins bands. o (. To) = exp[ T +c2(A) x T]

The most difficult region is therefore the region of the
Huggins bands where two effects are present: an overall WhereTisthe temperature in K ar@(1), c1(1), andca(1)
decrease of the cross-sections together with strong changes the wavelength-dependent coefficients. The latter coef-
in the differential structure of the bands. ficients are proportional to the temperature-independent

Generally, three different models have been proposed in transition moment and to the Boltzmann factor of the
the past to reproduce the temperature-dependence of the lower states involved in the transitions.

absorption cross-sections 0g0O We have investigated the accuracy of the three models

e The first model Adler-Golder uses an exponential func-  using the experimental data &fichter et al.in the entire

tion: region between 240 and 790 nm). Before the calculations,
the experimental data at five temperatures were interpolated

o, T) 1300 o .

ﬁ =c1(A) x exp T + c2(A) to a new grid with a spacing of 0.1 nm.

O- 9 0

We have observed that the exponential models are both
whereT is the temperature in Kl is 295 K, ancty(A) and very sensitive to baseline uncertainties, so that the ex-
c2(1) the wavelength-dependent coefficients. The factor perimental data are better reproduced using a quadratic
1300 in the exponential term arises from the Boltzmann polynomial. The latter reproduced the experiments to better
factor for a vibrational energy of 900 cth which is close than 1%.

to the average energy of thg, nz, and ng vibrations In the absence of any theoretical model for the tempera-
of ozone in the electronic ground state. This model was ture-dependence of thesQcross-sections, it is therefore
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recommended to use a quadratic polynomial to interpolate visible spectrum of N@. The shape of the visible system

the experimental data for intermediate temperatures.

3. Nitrogen dioxide

3.1. The NQ@ absorption spectrum in the 240-790 nm
region

is a close to a Gaussian function, but there is a lot of spec-
tral fine structure superimposed on it (deg. 10. Due to
the complexity of the excited electronic states of N@ is
impossible to predict its spectrum from molecular quantum
theory within experimental accuracy.

The dissociation energy of NOis about 25,000 cmt
(400 nm) but there has been observation of dissociation
products already at slightly lower energies. At energies

The NO absorption cross-sections in the 240-790 nm re- above 25,000cmt (wavelengths below 400 nm) the fine
gion (seeFig. 9 can be separated into two principal sys- structure of the spectrum becomes larger due to lifetime
tems: the D—X band system below 250 nm and the broad broadening (se€&ig. 11). The density of energy levels of
B—X and A—X band systems between 300 and 790 nm, with NO2 in the UV-Vis is very high, in particular when ap-

a maximum at around 400 nm (see Fig. 13); due to interac- proaching the dissociation limit (hundreds to thousands of
tions the forbidden C—X transition can also contribute to the states per cm‘). Furthermore, the strong coupling between

1E-18
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1E-20

1E-21

cross section in cm? molecule™

1E-22

LA LR AL B R R LR R
500 600 700 800

———————
300 400
wavelength in nm

Fig. 9. The NQ spectrum at room temperature (sourf#7/-59,61,92,93]
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Fig. 10. The NQ cross-sections at high spectral resolution (souj&4}).
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Fig. 11. Lack of spectral fine-structure in the Pl@ross-sections below 400 nm due to dissociation (lifetime broadening) at high spectral resolution
(source:[84]).

the ground and first excited electronic states leads to a large At higher total pressures, collisional broadening can
number of optically active transitions that causes the irreg- be observed (se€ig. 12. In the limit of isolated spec-
ular structure of the bands. tral lines, the collisional broadening leads to a Lorentzian
The spectral width of these features is limited by the den- lineshape with a linewidth that augments linear proportion-
sity of lines and by the Doppler broadening due to ther- ally to the total pressure. Typical values for this linewidth
mal motion of the molecules: the Doppler linewidth (at are of the order of 0.1cmtatm! (i.e. 0.0062nm at
300K) is varying slowly from 0.023 cmt at 12,658 cmit 790nm and 0.0016 nm at 400 nm). Obviously, very high
(i.e. 0.0014nm at 790 nm) to 0.045cmat 25,000 cmt spectral resolution is required to observe these pressure
(i.e. 0.0007 nm at 400 nm). At higher energies (i.e. at lower effects.
wavelengths) the spectral structures become rapidly larger In the entire region, the cross-sections also vary with the
because of the limited lifetime of the upper states due to the absolute temperature, sEey. 13 At low temperatures, the
NO, dissociation mentioned above. differential structure is significantly stronger.

- 1 1
pure NO,
——NO, in 1 atm of dry air
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— — 1 — 1 L 1
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Fig. 12. Pressure-broadening of the N€ross-sections at foreign pressures of zero and one atmosphere at high spectral resolution (source: Vandaele
et al., 2002).
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Fig. 13. The NQ cross-sections at 293 and 203K (sour&-59,61,92,93]

Unfortunately, there have been no measurements ofconvolution product it is necessary to obtain absorption
absolute absorption cross-sections of N& very high cross-section values at narrow wavelength intervdlke
spectral resolution (0.02cm or better) in the entire re-  strict application of BoguesBeerLambert's absorption
gion of interest (250—-790 nm). We were therefore limited law would lead to an incorrect value of the absorbing
to compare laboratory absorption cross-sections at spectratomponeris optical thickness
resolutions that are limited by the instrumental techniques Furthermore, there is a need for tabulated results with
employed and not by the absorber it§6#—98] Due to the a finer wavelength interval resolutipfor example for the
non-commutability of convolution (that occurs on the trans- data analysis of the MAP GLOBUS | and Il campaigns
mission spectra) and the logarithm (that is used to transform (Source: Leroy et al.70]).
the transmission spectra into absorption cross-sections) the
different laboratory spectra show differences due to the
unresolved spectral structures.

Today, it is generally agreed that the absorption
cross-sections must be recorded at highest resolution to
avoid instrumental limitations: even if the logarithm can be

In the last years, several sets of very high-resolution . . .
. . approached with a linear development (at small optical den-
measurements of NOcross-sections have been published . . .
sities, e.g. 0.01 or less) as is often the case for atmospheric

by different groupq79,80,82-84,86-89,91,94-98h ear- NO> retrievals, the laboratory cross-sections have always

lier times, the cross-section measurements were however . ; L
limited to lower spectral resolutiof64-78] because the been recorded at higher optical densities (0.1-1.0) so that

. : - . the convolution still leads to a deformation of the spectra.
authors believed that it was sufficient to use low-resolution __ S .
] This can then limit the detection of other weak absorbers
spectra, for example here:

due to residual features.

It is a difficult question how to compare laboratory mea-
surements that have been obtained using different instru-
ments and experimental conditions, in particular because all
available cross-sections of NGre still limited by instru-
mental effects. In the following sections, several approaches
that have been used for these comparisons are presented:
absolute values over large regions (also after convolution of
high-resolution cross-sections to those at lower resolution)
to investigate baseline problems, integrated cross-sections,
and non-linear least-squares fits to account for wavelength
calibration errors.

“In a previous work .. we had measured the absorption
cross-sections of Nfat two different temperatures 298
and 235K but only for the consecutive maxima and min-
ima in the 426.8449.9 nm rangeWe have taken up again
this work in order to obtain these absorption cressctions
for the same spectral range but detailing the complete
cross-sections at steps of 0.1.nm

The following reasons have led us to complete the previ-
ous results

An absorption measurement is always made with a finite
spectral resolution which determines the slit function of the
instruments which has been usekhe result of the mea- 32, Sensitivity of the Ncross-sections to wavelength
surement is the convolution product of the real spectrum by ghifts and resolution
the slit function.... The absorption crossection cannot
be considered as a constant in the spectral range defined In the previous sections, we have concluded that the
by the instrumentConsequentlyto determine precisely the  spectral structures of NChave intrinsic widths of at least
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10.0 4 Davidson et al., 1.5 nm change by a few tens up to several hundred percent in the
5.0 _'Amm,m\,\mw region 250—790 nm, even for shifts of only 0.01 nm.
. e N, In the region 400-500 nm, the changes are 20-100% for
00— 71— T 71 1 shifts of 0.01 nm for spectral resolutions ranging from 0.10
100 _400 420 440 460 480 500 0 0.50cntl.
o A, ol M Burrows et al., 0.2 nm The changes are always highest towards the near-infrared,
§ 5'0‘_ WY 'v’NWMMJ\J\/W\ probably due to the lower spectral congestion (less separated
E o0 forks—pro-—-r—r—a—r— transitions per spectral interval).
~ 400 420 440 460 480 500 There is an increase of noise towards lower wavelengths in
_510.0 " Schneider et al., 0.04 nm all the high-resolution cross-sectiofd,49,54,60,83,84,86,
o 5.0 AL ARAANA A 88,89,94-98]
= 0.0 - Iv, MTNWW\”\IAA _ Below 400 nm, ther_e is a sudden_ drop in the sensi_tiv-
_§ 400 420 440 460 480 500 ity of the NGO, absqrptlon cross-sections to spectral shifts
§10.o- Voigt et al,, 0.50 cm” (lsee,. for examplefigs. 15 and 1p Evgn at high resolu-
? 50 :MM’WM“WWW tion (i.e. 0.10-0.15 cm*) the cross-sections change £§%
g 00, for shifts of 0.05nm. This observation can be attributed to

the intrinsic broadening of the NGspectral features below
400 nm due to the limited lifetime of the upper states.
Obviously, when we compare NOabsorption cross-

T T T T T T T T T T T
400 420 440 460 480 500
Vandaele et al., 0.15 cm”

5.0 sections at high resolution (ca. 0.1nm or better) in the
ooL1rrn—p = region above 400nm, the wavelength scale of the differ-
400 420 440 460 480 500 ent laboratory data must agree very well (i.e. better than
wavelength in nm 0.01 nm). At lower resolution (ca. 0.2nm or less), a wave-

length accuracy of about 0.01nm is sufficient to reduce
Fig. 14. Change of N@ cross-sections in the 400-500nm region at the systematic error due to wavelength calibration errors to
different spectral resolutions (note: 0.5cthcorrespond to 0.008 nm at <0.5% below 500 nm and tea2% above 500 nm.
400nm, and 0.15cmt to 0.0024 nm). o .

Clearly, it is not useful to compare the N©ross-sections

at single wavelengths, due to their strong dependence on

spectral resolution and wavelength accuracy.
0.023-0.045cm! (0.0014-0.0007 nm) between 12,658 For atmospheric remote-sensing, the wavelength calibra-
and 25,000 cm? (790 and 400 nm). The cross-sections can tion of the field instruments must agree very well with those
therefore be sensitive to spectral resolutions even at ca.of the laboratory cross-sections. It is, however, difficult to
0.02cnTt. The available laboratory data with highest res- achieve a wavelength accuracy of better than 0.01 nm with
olution are however limited to about 0.1 ch(correspond- the grating instruments currently used for recording atmo-
ing to 0.0016 nm at 400nm and to 0.0062 nm at 790 nm) spheric spectra (spectral resolutions of about 0.1-0.5 nm).
which is insufficient for such an investigation (deig. 14).
The cross-sections will probably start to become entirely 3.3. Comparison of the Nfcross-sections between 230
insensitive to spectral resolution at instrumental linewidths and 790 nm at 295 3 K
below 0.01cm! | a resolution that has not yet been used.
In any case, the N®cross-sections are very sensitive to
small wavelength shifts at high resolution. The influence
of spectral shifts becomes however less significant at lower
spectral resolution.

It is important to stress the fact that, since relative

changes were studied, the differing absolute values of thee The data show large differences in the region above
cross-sections and the wavelength calibration errors in the 400 nm probably due to the different spectral resolutions

3.3.1. Comparison of room temperature cross-sections
over large regions

When comparing the cross-sections over large regions,
systematic differences between the available laboratory
cross-sections are observed:

experimental data do not show up in these comparisons. employed and also due to wavelength calibration errors
At spectral resolutions of 0.2nm or less, the NO in some of the data.

cross-sections change by 2—7% after wavelengths shifts ofe The data often show noise on the edges of the data set,

0.05nm and by<2% after wavelength shifts of 0.01 nm, probably because the signal of the broad-band sources

in the region 250-790 nm. Between 400 and 500nm (an used for the experiments had lower output in these regions.
important region for ground-based remote-sensing), the e High-resolution cross-sections are difficult to compare in

cross-sections change by5% for wavelengths shifts of the region above 400 nm due to the large differences in
0.05nm and by<1% for wavelength shifts of 0.01 nm, at spectral resolution.

spectral resolution of 0.2 nm or less. At high spectral reso- e The cross-sections by Burrows and coworkers (GOME-

lution (0.10-0.15 cmt), the NG absorption cross-sections FM) are systematically 6-8% lower than the most recent
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Fig. 15. Change of N@cross-sectiong1,8,55,90] spectral resolution ca. 0.2-0.4 nm and Harwood et al., spectral resolution 0.54 nm) after a wavelength

shift of —0.01 nm.

high-resolution cross-sectiong54,60,79,83,84,87—89,
94-98]

e The high-resolution cross-sections convoluted down to
0.2 nm HWHM agree within 5% between 300 and 400nm e
and within 7% in the region 400-500 nm. Above 500 nm

and below 300 nm, the differences are larger, probably due
to the influence of baseline (lamp) drifts in the regions of
small cross-sections.

There are systematic high-frequency differences in the
high-resolution cross-sections convoluted down to 0.2 nm

60.0 I . I L 1 . 1 L I .
40.0 source: Harder et al., 1997 |
3 temperature: 293 K E
20.0 wavelength shift -0.01 nm o
< 007
£ ] :
) "20-0 _'_ _—
= 3 E
@ -40.0 5 -
= E E
Q T T T T T L) T d T Y
5 300 400 500 600 700
‘g"‘mg wavelength in nm
é 60.0 TR 1 ; 1 y | , 1 y
o ource: Voigt et al., 2001
o 40.0 JMemperature: 293 K
2 avelength shift -0.01 nm
& 200 !
o
0.0
-20.0
-40.0

T T T
300 400 500

T T
600 700

wavelength in nm

Fig. 16. Relative change of NOcross-sections[§4], spectral resolution 0.15cm and [54,56,60,89,91,96]spectral resolution 0.50cmh) after a

wavelength shift of —0.01 nm.
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HWHM. These differences are of the order of 0.5-2.0%
and are probably due to remaining differences in the
instrumental lines shapes of the initial high-resolution
cross-sections and possibly to the non-commutability of
the natural logarithm and the convolution operations. This
indicates that an agreement of better than 1% is difficult
to achieve, even when comparing very high resolution
cross-sections convoluted with a broad smoothing func-
tion or instrumental line shape.

e Very often there are broad-band low-frequency differ-
ences of several percent different from simple scaling fac-
tors, probably due to lamp drifts between the empty-cell
reference spectra and the absorption spectra with INO
the cell (for example, a clear tilt in the cross-sections of
Harder et al. towards longer wavelengths and large struc-
tures around 500 nm in the data of Voigt et al).

e There are systematic differences (offsets in the relative
differences) that are probably due to differences in the
determination of the N@amounts in the absorption cell.

In the following chapter, we will summarize what previ-
ous authors concluded concerning the comparison of their
cross-sections with those published earlier.

3.3.2. Comparisons of NOcross-sections at room
temperature by other authors

et al. in agreement with their new cross-sections in the
350-500 nm region.

Vandaele et al[88] found an agreement af1.5% be-

tween their new data and those of Merienne et al. They
observed that the cross-sections by Yoshino et al. are
about 2% lower than their new data. They also ob-
served small wavelength shifts in the data by Yoshino
et al. The same authors give a relative difference of
their new cross-sections to the data of Bass et al. of
+3% (cross-sections below 410 nm), 6% com-
pared to the data of Harwood and Jones, and of —2%
to the cross-sections of Johnston and Graham.

Vandaele and coworkef®7,98] Using the new cross-

sections, these authors found an agreement of 2.5%
between their new data and those published in Van-
daele et al[88]. They observed an agreement of 1.9%
between their new data and those of Merienne et al.,
and — below 500 nm — of 3.0% with the cross-sections
of Harder et al. Above 500nm, the cross-sections
of Harder decrease up to -5% compared to the new
data of Vandaele and coworkef87,98] Between
400-500 nm, the agreement with the cross-sections of
\oigt et al. is on average better than 5%, but there are
large parasitic features in the latter data around 500 nm
(compare with Figs. 15-19).

In the past years, some authors have made comparisons All these conclusions are in good agreement with the ob-
of previously published laboratory cross-sections of,ND servations in the figures below and with the conclusions on
room temperature. the previous pages, except those by Vandaele and cowork-

e Harder et al[84];
e Vandaele et al[88];
e Vandaele et al[97,98]

ers[97,98] concerning their new cross-sections (which are
probably slightly too low at the highest pressure).

3.3.3. Integrated N@absorption cross-sections at room

The following conclusions were drawn by these authors: t€mperature

Harder et al.[84] showed that in the 400—600 nm region,

Because integrated absorption cross-sections are rather
insensitive to differences in small spectral intervals, we have

the cross-sections of Johnston and Graham agreecaicylated these values for the following regions:

within 0.5% with their data after a few simple op-
erations (wavelength shifts and baseline corrections).

e For the region 400-500 nm, because most of the available

cross-sections cover this region and because this window
is very important for remote-sensing.

For the region 400-450 nm, because this also includes
the data of Yoshino et al. and limits the region to the
strongest cross-sections where the influence of baseline
errors should be smaller than elsewhere.

The same authors showed that the cross-sections by
Schneider et al. have a baseline error leading to lower
cross-sections in large regions of the spectrum and ®
some serious wavelength errors. They also found a
correction factor of 1.08 between the cross-sections
of Davidson et al. and their own data in the region
350-585 nm, after some operations (detector blooming When available, we have used the NEoss-sections at
correction and wavelength correction). In addition they atmospheric pressure.

showed that the data of Harwood and Jones are 7-14% The results are given ifiable 6 One can state that the
lower than the new cross-sections in the 350-550 nm agreement between the different data is better than 2.4% for
region and that the cross-sections of Harwood and the region 400-500 nm. The most recent data of Merienne
Jones show some periodic baseline errors. Finally, they et al., Vandaele et a[83], Harder et al., Vandaele et al.
pointed out that there are undersampling problems in (1997), Voigt et al., and Vandaele and cowork{gg,98]

the cross-sections by Merienne et al. (spectral resolu- yield a mean value of 82x 10~17 cm? x nm with a standard
tion 0.01nm, data sampled in steps of 0.01 nm) and deviation of 1.5%.

by Bass et al. (spectral resolution 0.015-0.04 nm, data In the reduced region 400—450 nm, a similar result is ob-
sampled in steps of 0.125nm), and they determined atained: all different laboratory measurements agree within
correction factor of 1.04 to bring the data of Merienne 2.6% (). Note that baseline errors can also cancel out some
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Table 6
Integrated absorption cross-sections of R@t 295+ 3K

Reference 400-500 nm 400-450nm
Hall and Blace{65]° 454 x 10°Y7 2.78 x 10°Y7
Schneider et al[73] 4.42 x 1077 2.66 x 10717
Johnston and Grahaf66] 472 x 10°Y7 291 x 10°Y7
Davidson et al[74] 4.47 x 10717 2.76 x 1077
Harwood and Jonef8] 434 x 10°Y7 2.68 x 1077
Merienne et al[79,80,82,87] 455x 10°Y7 2.81x 10V
Vandaele et al[83] 452 x 10°Y7 2.79x 10°Y7
Harder et al[84] 4.60x 10°Y7 2.85x 10°Y7
Vandaele et al[88] 458 x 1077 2.83x 107
Yoshino et al.[86] - 2.76 x 10°Y7
Burrows et al.[90] 433 x 10V 2.68 x 1077
Voigt et al.[89,91,96] 4.48 x 1077 2.76 x 10°Y7
Bogumil et al.[57-59,61] 458 x 10°Y7 2.84x 107V
Vandaele et al[94,95,97,98] 441 x 107V 272 x 107V
Average value 4506 10717 2.77 x 10°Y7
Standard deviation ) (%) +2.4 +2.6

aThe integrated cross-sections are given in units &f enmm.

b From the digital data available, a value 08%x 10~17 cm? x nm was
obtained. But the authors do not specify whether the extinction coefficient
(in em~tmm~1Hg) is given for 273 or for 293K. When applying a
correction of (T/Tp) = 293/273 = 1.073, one gets the more probable
value 454 x 10717 cm? x nm.

systematic errors, e.g. errors in the determination of the NO
concentration during the experiments. It is, therefore, inter-
esting to perform comparison of the N©ross-sections us-
ing non-linear least squares fits (including wavelength shifts,
baseline errors, and a scaling factor).

3.3.4. Comparison of the N(rross-sections using
non-linear least squares fits

Because of the importance of small wavelength shifts and
of the spectral resolution, we have used the following pro-
cedure, in the region 390-460 nm:

e All recent high-resolution cross-section spectra were con-
voluted with a Gaussian with a 0.4 nm FWHM

These spectra were then compared with a non-linear
least-squares fitting program, with five fitting parameters:

a quadratic baseline polynomial (i.e. three parameters), a
scaling coefficient for the magnitude of the cross-sections
(one parameter), and a linear wavelength shift coefficient
(one parameter).

The convolution is employed to minimize the influence of

spectral resolution when comparing cross-sections recorded

at rather high resolution (i.¢42,49,54,60,79,83,84,86—89,
94-98]

The non-linear least-squares fitting program is employed
to minimize the influence of wavelength shifts and of base-
line drifts or straylight. We have verified that the convolution
does not change the scaling and shifting parameters within
the experimental uncertainties.

The region 390-460nm was selected because the
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other trace gases OBrO, OCIO, 10). The cross-sections
of Vandaele and coworkef87,98] start at 387 nm and the
cross-sections of Yoshino et al. end at 468 nm. In order to
use the same spectral region, we limited the fits to the range
that is common to all recent high-resolution cross-section
measurements.

Note that some of the remaining residuals arise from
using only a linear shift term (in particular for the grat-
ing spectrometer data of Merienne et al. and Yoshino
et al.).

From the fits (see, for examplEigs. 17 and 18 one can
draw the following conclusions:

e The NO cross-sections from the different experiments
show deviations of up to 5% concerning the magnitude
of the NG cross-sections between 390 and 460 nm,
after correction for baseline effects and wavelength
shifts.

The remaining residuals are in the order of 2-5%, and
are due to non-linear wavelength differences (we used
only a linear shift), to the differences in the ILS of the
laboratory spectra, and partly also to the non-linearity of
the convolution.

Most of the data except for that of Voigt et al. show only
very small baseline differences.

e The data of Merienne et al., Vandaele et[8B], Harder

et al.,, Yoshino et al., and Vandaele et 8] show
very good agreement concerning the magnitude of the
cross-sections: the relative difference between Merienne
et al. and Vandaele et qi88] is 0.5%, the relative dif-
ference between Vandaele et @3] and Vandaele et al.
[88] is 0.2%, the relative difference between Harder et al.
and Vandaele et a[88] is 1.0%, and the relative dif-
ference between Yoshino et al. and Vandaele eS8l

is 1.4%.

The data of Vandaele et 483], Vandaele et al88], and
Vandaele and coworkef87,98] show small but system-
atic wavelength differences, but agree very well between
each other with respect to wavelength calibration.

The data of Voigt et al. are smaller than the cross-sections
of Vandaele et al[88] by about 6.5%. The high-pressure
cross-sections of Vandaele et al. (2001) are smaller than
the values of Vandaele et 488] by about 3.7%.

The data of Vandaele and coworkd@y7,98] seem to
contain noise of the order of a few percent (increas-
ing towards smaller wavelengths). Here, pressure effects
are excluded because the cross-sections of \oigt et al.
were also recorded at high total pressure. Resolution ef-
fects can also be ruled out because the cross-sections of
Harder et al. and Yoshino et al. were recorded at similar
resolutions.

The overall wavelength accuracy is very good, i.e.
0.001 nm and better.

Using the relative differences obtained from the non-linear

cross-sections are strongest here, and because this region igast-squares fits (s@@able 7, we have determined the rel-

important for atmospheric remote sensing of Nénd of

ative differences of each individual spectrum to the average
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Fig. 17. NLS-fit of NG absorption cross-sections at 288 K in the 390-460 nm region: Merienne et al. compared to Vandaele [88l.

values (taking into account the different wavelength shifts [42,49,54,60,79,84,86,87,89,96ihdicate that there is a
and the baseline differences) for the €@oss-sections inthis  small wavelength calibration error of about 0.0012 nm in
region (323-343nm) at 298 5 K. the data of Vandaele et al.

Note that the data by Vandaele et §83,88,97,98] Except for the cross-sections by \Voigt et al. and by Van-
agree very well between each other with respect to wave-daele and coworkerf7,98] all other data agree within
length calibration, but that all other independent data <1.5%.
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Fig. 18. NLS-fit of NQ absorption cross-sections at 288 K in the 390-460 nm region: Harder et §#84] compared to Vandaele et 488].
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Table 7
Comparison of N@ cross-sections at 295 3K in the 390-460 nm region using a non-linear least-squares fit approach
Reference 1 Reference 2 Shift (nm) Scaling factor Scale to mean
- Vandaele et al[88] - 1.000 0.983
Vandaele et al[88] Merienne et al[79,80,82,87] 0.00115 0.995 0.988
Vandaele et al[88] Harder et al[84] 0.00118 1.010 0.973
Vandaele et al[88] Yoshino et al.[86] 0.00117 0.986 0.997
Vandaele et al[88] Vandaele et al[83] -0.00012 0.998 0.985
Vandaele et al[88] \oigt et al.[89,91,96] 0.00119 0.935 1.051
Vandaele et al[88] Vandaele et al[94,95,97,98] —0.00051 0.963 1.021
Mean: 0983+ 0.026.
3.4. Comparison of the NfOabsorption cross-sections observed that the absorption cross-sections show an overall
between 230 and 790 nm at temperatures below room decrease of about 10% between room temperature and 235
temperature (203-280 K) K. However, all recent studies (i.fb4,56-58,61,74,78-98]
do not confirm this observation.

The following low-temperature N absorption cross- In the 300—700 nm region, the relative change of the ab-
sections were available in digital form over large spectral sorption cross-sections with decreasing temperature is a tilt
intervals: in the baseline (observed in the data of Davidson et al., Bur-

« Bass et al. (185-410 nm, 235 and 298[&J]; rows et al., Bogumil et al., but less pronounced in the data

e Leroy and coworkers (427-450nm, 235 and 298K) of Hlarwcr)]pdhgt al,, Harder ?t al., \Ilandaelrtl'-: et al,, and VO'%t
69,70} et al.) which is accompagnied by large changes (up to 60%

« Davidson et al. (264-648nm, 233, 243, 253, 263, 273, above 700 nm)_ln the differential cros_s-sectlons. This is due
and 298 K)[74]; to the change in the thermal population of the lower vibra-

« Harwood and Jones (313-568nm, 213, 225, 233, 243,t|(_)nal and rc_)tauonal states. Th(_a_latter observgtlon also in-

i dicates the importance of transitions from excited states in
253, 263, 273, and 298 KY8J;

the long-wavelength part of the spectrum as already men-
tioned by Davidson et al. The same authors also interpreted
the baseline tilt as an overall shift of the Gaussian part of
the NG absorption cross-section spectrum towards longer

wavelengths (lower energies) with increasing temperature.
There are large discrepancies concerning the absolute

e Mérienne and coworkers; Coquart and coworkers
(200-500 nm, 220, 240, and 293 K)9,80,82,87]

e Harderetal. (345-550nm, 217, 230, 238, and 29{BK);

e Vandaele et al., 1998 (238-666 nm, 220 and 29/38];

e Burrows et al. (231-794nm, 221, 241, 273, and 293K)

[90]; : . :
. . magnitude of the changes of the N©ross-sections with
* ?gollg;;g]tt al., (250-800nm, 223, 246, 260, 280, and 293K) temperature, both concerning the baseline change and the

high-resolution (differerential) structures. Part of the latter
differences might be due to spectral resolution, but there are
probably important baseline errors in several data sets.
There is important noise in some data sets towards the
edges of the available cross-sections or around regions where
Note that there is only one data set available at 203K the absorption spectra from different measurements have

e Bogumil and coworkers (230-1070 nm, 203, 223, 243,
273, and 293K])61,92,93]

e Vandaele et al., 2001 (385-724 nm, 220, 240, and 294)
[94,95,97,98]

[57,58,61,92,93] been concatenated. In the room-temperature spectrum by
Voigt et al., there are artificial features around 500 nm that

3.4.1. Relative change of the M@bsorption show up in the ratios at low temperatures. The data of

cross-sections with temperature Burrows et al. seem to contain some residuaON struc-

For each set of laboratory cross-sections at different tem- tures at wavelengths below 400 nm at the lowest temperature
peratures, we have studied the relative change of the NO (221 K).
absorption cross-sections with temperature. This approach From the high-resolution spectra of Coquart et al., Harder
allows the identification of regions where the effect of tem- et al., Vandaele et al., and Voigt et al., it seems that the rel-
perature is dominant, and reduces systematic errors due tative changes of the differential cross-sections with temper-
the determination of N® amounts during the laboratory ature become smaller at wavelengths below 400 nm.
measurements. The differential structures change in both directions,

Note that there has been some controversy about the rel-and from an inspection of the cross-sections one can see
ative change of the cross-sections with decreasing temperathat cross-section maxima become larger and minima be-
ture: in the early studies of Bass et al. and Leroy et al., it was come smaller with decreasing temperature. Using room-
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temperature cross-sections for low-temperature; N&g. atures were scaled to the integrated value at room tempera-
in the stratosphere) leads to higher N©olumns than ture). They derived this hypothesis from the validity of the
really present (see also Roscoe and Hind] and Sanders  Born-Oppenheimer approximation (separation of electronic

[81)). and nuclear wavefunctions). It is clear that this approxima-
tion only holds over a certain temperature range (they ob-
3.4.2. Comparison of the absolute NOross-sections at served an agreement of the integrated cross-sections of better
all available wavelengths at temperatures below ambient: than 2% from scaling their spectra to the cross-sections of
242+ 4 and 220+ 3 K Harwood and Jones in the 400 nm region). A temperature

In the following, we have compared the available NO dependence of the integrated cross-section in the 220-295 K
cross-sections at temperatures below ambient:-242and range would indicate a significant change of the electronic
220+ 3K. Because there is less data available at other low transition moment as a function of the lower vibrational
temperatures (230-280K) and only one data set at 203 Kstates.

[57,58,61,92,93]we have limited the comparisons to these  Note also that Davidson et al. concludedhé integral
two temperatures. of a plot of o versusl/A (264-649 nm) was essentially in-

These comparisons have lead to the same observations agependent of temperature.. The slope of this plot is. .
already made by inspecting the data at room temperature,equal to zero within the uncertainty in the datétheir es-
namely timated accuracy was5%).

Similar conclusions were also drawn by Harwood and
tions and possible wavelength calibration errors, in par- Jones: Ttis concl_uded. that any temperature trend_ n the av-

eraged crosssections is smaller than the uncertainty in the

ticular in the region above 400 nm. t and theref ¢ i trizati
e Anoverall agreement between the different cross-sections/'easurement and theretore a temperature parametrization

within about 15% in the region between 350 and 500 nm. IS meaninglgss. - The v_ariation of cros-section with tem-
e Baseline differences in most of the data at wavelengths perature. .. is solely attributed to experimental _SC‘?‘“er-
below 400 nm (up to 15% above 300 nm and much higher We conclude.. that the overall spectral shape is indepen-

below) and above 500 nm (up to 20% below 600 hm and de'rzlt of t(;:rr]nperaturé . it h ible that
much higher above), rom the comparisons, it seems however possible tha

e Discrepancies in the differential cross-sections leading to there exist_s a sm_all but systematic increase of the inte_grate_:d
an overall offset of the cross-section ratios which do re- cros_s-s_ectlons with _temperatl_Jre. All data sets agree in this
quire a non-linear least squares fitting analysis (see pe-dualitative observation. The increase seems to be smaller
low) because of the possible influence of baseline errors.When the integration limits gxtend over the entire absorption

system (250—650 nm). The increase is always less than 5%,
Although these plots are difficult to interpret since most probably—taking into account the scatter of the data—even
of the observed differences are due to measurement errors<3%. The sudden jump (—6.1% between 238 and 230K) in
they indicate that the current accuracy of the laboratory the integrated cross-sections of Harder et al. might indicate
cross-sections of NPat temperatures below 298K is still  a systematic error since a change of this magnitude it was
limited (the overall agreement between the most recent datanot observed by any other author.

¢ Significant discrepancies due to different spectral resolu-

sets in the 350-500 nm region is only 10-15%). Note, that at 240K, the agreement of the integrated

cross-sections available in the 400-500 nm band is better
3.4.3. Comparison of the integrated M@ross-sections than 4%, and at 220K better than 5%. Remember that at
at low temperatures 295K, the overall agreement was better than 2.5%.

As for the cross-sections at room temperature, we have
compared the integrated cross-sections since they are rathes 4.4. Non-linear least-squares fits of the NO
insensitive to small wavelength shifts and the ILS. cross-sections between 400—460 nm at 228 K

We could not use the data of Burrows et al. and Bogumil  |n Table § we give the results of non-linear least-squares
et al. for these comparisons, because these authors alreadjits of the NG cross-sections in the 400—460 nm region at

assumed a constant integrated absorption cross-section 20+ 3K. The fits were performed using the same software
the 250—790 nm region (the cross-sections at lower temper-as used for @and NG (at room temperature).

Table 8

Comparison of N@ cross-sections at 228 3K in the 390—460 nm region using a non-linear least-squares fit approach

Reference 1 Reference 2 Shift (nm) Scaling factor Scale to mean
- Vandaele et al[88] - 1.000 0.993

Vandaele et al[88] Coquart et al[80] —0.00003 0.984 1.023

Vandaele et al[88] Harder et al[84] —0.00002 1.037 0.971

Vandaele et al[88] \oigt et al.[89,91,96] 0.00004 0.782 1.021

Mean: 10074+ 0.027. Calculated without using the data \d@igt et al
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Note that the agreement between the different data (af-(cm~1), and before the calculations, the experimental data
ter baseline correction and rescaling) concerning the fine at five temperatures were interpolated to a new grid with a
structure (residuals) is always better than 5%. The bestspacing of 5cm? (0.04—-0.3nm).
agreement is obtained between the data of Coquart et al. One can conclude that all models reproduce the experi-
and Vandaele et al[88], they agree within 1.6% (rms). ments to better than 2% in the 17,500-30,000 &megion
The baseline difference between these authors is nearly(570-330nm). There are clearly baseline errors in the ex-
zero. The cross-sections of Voigt et al. contain a large perimental data because these differences (up to 2% in the
baseline error (Figs. 16—21) that leads to a 22% change incentral region around 25,000 cthand even more on the
the scaling factor. The cross-sections by Harder et al. seemedges below 17,500 and above 30,000 &jrare visible in
to contain more noise than the other data. There is also aall calculations independently of the model, and they even
negative baseline difference compared to the cross-sectionsglominate the differences between the observed and mod-
of Coquart et al. and Vandaele et [8]. elled cross-sections (the differences without these baseline

errors are about 1% only). Note that even the concatenation
3.5. Empirical models for the temperature-dependence ~ Point at 400 nm (SCIAMACHY Channel 1 and 2) shows up
of the NQ cross-sections in the 240-790 nm region in the residuals.
Obviously, using an empirical model can partly correct for

Generally, three different models have been proposed inSOMe of the systematic experimental errors (for example, '_[he
the past to reproduce the temperature-dependence of th&lifferences b_etwgen modelled_and mgasured cross-sections
absorption cross-sections of NONe have used these three &€ 0f opposite sign for two neighbouring temperatures and
models plus a simplified version of one of them, in order Show a smooth variation with wavelength—although the

to investigate how well they can reproduce the experimental Cr0SS-sections were fitted point by point—as expected when
systematic errors such as baseline drifts or straylight are

data.
) ) ) present). We would therefore recommend to use always an
e The first mode[74,85,97,98]uses a linear function: empirical model when N@cross-sections are available at
oL, T) different temperatures (note however that more temperatures
———— =co(A) +c1(}) x T than model parameters are required to correct for systematic
o (, To)
errors).
whereT is the temperature in Kl is 295 or 273K, and The differences between the four models (linear, quad-

co(r) and c1(1) are wavelength-dependent coefficients. ratic, simple and double exponential) are so small that we
Although there is no real physical interpretation of this cannot give any preference to one of these models. The
model it was concluded by several authors in the past thatadvantage of using a linear model is of course calculation
this function can reproduce the temperature-dependencespeed which can be important for some applications.

of the N cross-sections within the experimental uncer-

tainties. 3.6. Pressure-dependence of the N&oss-sections

e The second modgb5,90]uses a quadratic polynomial: in the 240-790 nm region
o 1) _ o) +c1(V) x T + c2(h) x T? The first observation of a pressure-dependence of the NO
o (A, To) absorption cross-sections in the 240—-790 nm region was pub-

where T is the temperature in K andp(%), c1(%), and lished by Harder et al. based on high-resolution measure-
ca(1) are wavelength-dependent coefficients. ments (0.028 cm! or 0.0006 nm) measured between 441

« The third mode[54,56,60,89,91,96]ises a double expo- and 452nm using a Bruker_ IFS Fourier-transform spec-
nential function: trometer. They used NfZN2 mixtures at total pressures be-
tween 5 and 600 Torr, and observed changes in the NO
oA, T) _ co(A) « exp[—w + (M) x T:| cross-sections of up to 40% as a function of total pressure.
o (., To) A T They concluded that at a spectral resolution of 0.2 nm, the
pressure effect between 5 and 600 Torr on the absolute dif-
ferential cross-section of NOis <0.05%, so that—given
the small absorbance of NGeven in scattered skylight at
high solar zenith angles—this effect is negligible for cur-
rent remote-sensing applications. They proposed that this
pressure effect could be used in the future for,N(itude
We have investigated the accuracy of these three mod-profile determinations using high-resolution spectra.
els using the experimental data of Bogumil et al. because Shortly after this publication, another groyp8] ob-
they cover a large spectral range (13,500-35,000cm served also important effects of total pressure on the
i.e. 285-740nm) and nearly all atmospheric temperaturesabsolute absorption cross-sections of Netween
(203-293 K). The calculations were made in wavenumbers 12,000-20,000 cmt. For NO, partial pressures varying

whereT is the temperature in K ar@(1), c1()), andca(1)

are wavelength-dependent coefficients. The latter coef-
ficients are proportional to the temperature-independent
transition moment and to the Boltzmann factor of the
lower states involved in the transitions.
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only between 0.02 and 1.0 Torr, they observed changes inprepare the database for the new generation of space-borne

the cross-sections of up to 40%. It must be emphasized thatinstruments that will be launched in the next years.

these large changes were observed at small total pressures

and are much higher than expected from infrared measure-

ments (where the pressure broadening coefficient is in the Acknowledgements
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