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Abstract

Using the scanning imaging absorption spectrometer for atmospheric chartography (SCIAMACHY) pre-flight model satellite spectrom-
eter, gas-phase absorption spectra of the most important atmospheric trace gai€® (S0, O,, OCIO, H,CO, H,0, CO, CQ, CHy,
and NO) have been measured in the 230-2380 nm range at medium spectral resolution and at several temperatures between 203 anc
293 K. The spectra show high signal-to-noise ratio (between 200 up to a few thousands), high baseline stability (bettef)thad 46
accurate wavelength calibration (better than 0.01 nm) and were scaled to absolute absorption cross-sections using previously published
data. The results are important as reference data for atmospheric remote-sensing and physical chemistry. Amongst other results, the firs
measurements of the Wulf bands of @p to their origin above 1000 nm were made at five different temperatures between 203 and
293K, the first UV-Vis absorption cross-sections of Ni® gas-phase equilibrium at 203 K were recorded, and the ultraviolet absorption
cross-sections of SQvere measured at five different temperatures between 203 and 296 K. In addition, the molecular absorption spectra
were used to improve the wavelength calibration of the SCIAMACHY spectrometer and to characterize the instrumental line shape (ILS)
and straylight properties of the instrument. It is demonstrated that laboratory measurements of molecular trace gas absorption spectra prior
to launch are important for satellite instrument characterization and to validate and improve the spectroscopic database.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ments is the scanning imaging absorption spectrometer
for atmospheric chartography (SCIAMACHY) spectrom-
The observation of the changing atmosphere requireseter[1,2] that was launched into orbit (800 km) in early
powerful observational techniques that enable global mon- 2002 on-board the European ENVISAT-1 satellite. SCIA-
itoring of atmospheric trace gas concentrations with high MACHY uses two scanning mirrors, one for Nadir- and
spatial resolution. For this purpose, a new generation of one for Limb-scanning of the atmosphere, and eight ded-
optical remote-sensing instruments for monitoring of atmo- icated measurements channels between 230 and 2380 nm,
spheric trace gases from space has been developed in thgsing highly sensitive diode-array detectors with 1024 pixel
last decade (ca. 1990-2000). These satellite instrumentslements each. Its optical bench is temperature-stabilized
operate in the ultraviolet, visible and near-infrared regions to better than 0.1K, and it uses the sun and on-board light
of the spectrum and use backscattered and surface- oisources and additional polarization measurement devices
cloud-reflected sunlight to detect several important atmo- for spectral and radiometric calibration.
spheric constituents such ag,NO,, SO, H,CO, OCIO, The detection of @ NO, and other atmospheric trace
BrO, and BO using their characteristic absorption features gases by means of absorption spectroscopy requires accurate
in the UV-Vis region. Amongst the most powerful instru- knowledge of their absorption cross-sections at all relevant
atmospheric temperatures and pressures. Using the SCIA-
_— _ _ MACHY proto-flight model (PFM) spectrometer a new data
* Corresponding author. Present address: Laboratoire de Photophysique . .
Moléculaire, CNRS, Bt. 350, Centre d'Orsay, 91405 Orsay Cedex, set of temp_erature-depende_nt absorpt!on cros_s-sectlons was
France. Tel.:+33-1-6915-752886; fax:33-1-6915-753055. measured in 1998-2000 prior to the integration of SCIA-
E-mail address: johannes.orphal@ppm.u-psud.fr (J. Orphal). MACHY on the ENVISAT platform in 2001. The new data
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set comprises absorption cross-sections gf KO, SO, ing during flight. A more detailed description of the SCIA-
05, OCIO, HCO, K0, CO, CQ, CHyg, and NO measured MACHY instrument is given irf1,2], see als@&ection 7
over the whole spectral range of the SCIAMACHY spec-  During the measurements of the absorption cross-sections
trometer (230-2380 nm) and in a broad temperature rangethe SCIAMACHY spectrometer was controlled by a ded-
(203—-293 K). The absorption cross-sections will be included icated on-ground electronics (EGSE) developed and oper-
in the SCIAMACHY data processing for the retrieval of ated by Dornier-Astrium, Germany, the instrument being
column densities and vertical distributions of atmospheric cooled down to operational temperatures (the temperature
trace gases from the satellite measurements. In order to ob-of the optical bench and detector modules being monitored
tain absorption cross-sections at intermediate temperaturesand maintained constant to better than 0.1 K) and operated
if necessary a temperature parametrization is applied to theinside of a high vacuum tank at Fokker Space (Schiphol,
O3, NO; and SQ@ absorption cross-sections. The molecular The Netherlands). Therefore, all wavelengths mentioned
absorption cross-sections were also used for improving thein this paper are given for vacuum conditions, and are
wavelength calibration of the SCIAMACHY spectrometer extremely stable (better than 0.01 nm) due to the active tem-
and for characterizing the instrumental line shape (ILS) and perature stabilization of the SCIAMACHY optical bench.
the straylight properties of the instrument. Prior to the measurements presented in this paper the SCIA-
MACHY spectrometer was characterized and calibrated by
industry (consortium of Fokker Space, Dornier-Astrium,

2. Experimental set-up TPD-TNO, SRON and others) providing data concerning
the pixel-to-pixel gain, stray light properties, the instrumen-
2.1. The SCIAMACHY spectrometer tal line shape in each channel, the wavelength calibration

and the polarization properti¢3].

The SCIAMACHY spectrometer is a multi-channel
grating spectrometer operating in the ultraviolet, visible
and near infrared wavelength regions at medium resolu- ) ) )
tion (seeTable 3. It measures continuously between 230 _Calibration apparatus for trace gas absorption spectra
and 1760nm with a spectral resolution of 0.24—1.48nm (CATGAS) is a transportable set-up for absorption spec-
(full-width at half-maximum (FWHM) of the instrumental ~ 'OSCOPY consisting of two coolable quartz glass cells,
line shape, ILS) and in two additional spectral windows different light sources and a gas system for static and

between 19402040 and 2265-2380 nm (spectral resolutionOW 9as measurements. It may be operated at tempera-
of 0.22 and 0.26 nm, respectively). A double spectrometer lUrés (180-350K) and pressures (0.1-1000 mbar) relevant

design with a pre-disperser prism and gratings in the eight to the stratosphere and troposphere. The main components

channels is used to cover this large wavelength range and®’ CATGAS are two double jacketed quartz glass cells
to suppress straylight inside the spectrometer. The light is (volume ca. 3000 cf). The inner jacket of the cells are

detected by cooled diode arrays detectors with 1024 pix- floated by a circulating cooling fluid (ethanol), while the
els consisting of silicon for wavelengths below 1000 nm outer jackets are evacuated for thermal isolation. For this

and of InGaAs for the near infrared wavelength region. PUrPOse, the cells are additionally wrapped by an isolating
The pixel exposure times can independently be chosenfoam. The cooling fluid is pumped through the inner jackets
for each channel. The spectrometer shows high stability PY @ two-stage cryocooler (Haake KT90) for the one cell
and can measure very small absorptions due to its highand a cooling thermostat (Ha_ake EG-C_40) for the other cell.
dynamic range. A CrPt/Ne-hollow cathode emission lamp For the measurements described in this paper, temperatures

(calibrated by interferometric measurements before the in- PEtween 293 and 203K were adjusted in the cells, with an
strument integration) and a broad-band white light source PSolute accuracy of better tharl K (using a pre-cooler
(quartz/tungsten/halogen lamp) are available on-board for for flow experiments at the lowest temperatures), calibrated

spectral and radiometric calibration and instrument monitor- P€foré the measurements using a Pt100 temperature el-
ement in the cell. Both cells contain a White optiesd

Table 1 with a base path of 120 cm andfaumber of 60. Optical
Parameters of the spectral channels of the SCIAMACHY instrument paths of 505 and 985cm were used for the measurements
described here (there is an additional path of each 12.5cm

2.2. The CATGAS set-up

Channel Spectral range in nm Spectral resolution in nm . . .

before and after the White optics, leading to the numbers
; gggjég 8'52 given above). Using two cells greatly facilitates the work at
3 394-620 0.44 different temperatures since one of the slowest processes is
4 604-805 0.48 cooling down these cells to low temperatures.
5 785-1050 0.54 The light of either a Xenon-lamp (ILC Technology,
6 1000-1750 1.48 300W) for the ultraviolet and visible wavelength region
! 1940-2040 0.22 or a quartz/tungsten/halogen lamp (Osram, 250 W) for the
8 2265-2380 0.26

visible and near infrared wavelength region is focused into
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Table 2

Experimental conditions for the measured gases and number of different partial pressures measured for each absorber

Gas Spectral range in nm SCIAMACHY channels  Temperatures in K No. of different partial pressures
O3 230-1075 1-6 293, 273, 243,223,203 5

NO; 230-930 (293K), 233-890 (273, 243K), 1-5 293, 273, 243, 223, 203  2-4 (depending on temperature)

233-769 (223K), 241760 (203K)

SO, 239-395 1-2 293, 273, 243, 223, 203 2
OClIO  290.5-460 1-3 293 1
H,CO  247.3-400 1-2 293 1
O, 235-389 (293K), 235-440 (243K), 650-799.6 1, 4 293, 243, 203 1
(293, 243K), 235-330 (203K), 650-787
(203K)
H,0 1940-2040 7 293 2
co, 1945-1980, 1995-2032 7 293, 243 2-4
co 2300-2380 8 293, 243 2-3
N,O 2265-2300 8 293, 243 1-2
CHg 2265-2380 8 293, 243 2-4

one of the cells using an off-axis parabolic mirror, a spher- ments using dedicated measurements at the IUP, Bremen,
ical and a flip mirror. After having passed the cell the light Germany). After mixing the gases were cooled by passing
is focused on the entrance of a quartz glass fibre bundlethrough a cold container (pre-cooler) adjusted to the same
(diameter 6.2 mm) consisting of about 8000 single fibres temperature as the CATGAS cells prior to entering the ab-
(75% UV-enhanced and 25% IR-enhanced) made by Schott,sorption volume. The pressure in the cells was permanently
Germany. The other end of the fibre bundle is formed as a monitored by two capacitive manometers (MKS Baratron).
slit and imaged on the entrance slit of the SCIAMACHY The total pressures varied between 50 and 900 mbar for
spectrometer so that the slit is fully and homogeneously different measurements. After flushing through the cells
illuminated. Note however that the aperture of the fibres the ozone was destroyed by a hot platinum wire, all other
(about 20) is much larger than the field-of-view of the gases except Nand G were trapped by a cryogenic
SCIAMACHY instrument leading to loss of photons. The trap.
imaging optics however was far away from the entrance For the static measurements another gas system was used,
slit of the spectrometer and no additional straylight was which was separated from the flow system by valves. The
produced. For wavelength calibration using an external cells were filled with static gas mixtures of CO, g0
source the light of a CrPtNe hollow cathode emission lamp or CHs in N2 prepared in a gas mixing system (two large
(LOT Oriel) was focused on the entrance of the glass fibre balloons made of Pyrex) at a total pressure of 500 mbar
bundle. in the cell and at different partial pressures of the trace
Table 2gives an overview of the trace gases and exper- gases. HO was filled into the cell at its saturated vapour
imental conditions. Measurements were performed using pressure. Most interestingly very rapid aerosol formation
either gas mixtures flowing through the cell or static condi- was observed even at pressures below th® l3aturated
tions. Absorption measurements in a gas flow were used forvapour pressure leading to strong scattering in the UV
gases which are photolyzed by the analyzing light in order and visible channels. For &0 a reduced pressure was
to maintain a constant column density in the cell. The cells used in order to avoid saturation effects. ThgC® pho-
were flushed with different gas mixtures maintained stable tolysis by the analysis light was negligibly small over the
using calibrated gas flow controllers (MKS). The follow- time used for recording the spectra described here (a few
ing mixtures were used: NQNO or SQ in Ng; pure Q; minutes), probably due to the low UV output of our light
O3 in a mixture of @ and Ny; and OCIO in a mixture of source.
O3, O and Nb. The NG, NO and SQ were taken from
commercial gas bottles (Messer Griesheim) with a certified 2.3. Measurement procedure
mixture of 1% NQ, NO or SQ in N»o. These mixtures were
additionally diluted with nitrogen (N 5.0) as carrier gas. For each temperature and gas mixture the following mea-
The G; was generated by flowing oxygen {G.0) through surement procedure was applied: First the pixel exposure
a commercial ozonizer (Innovatec OG5) containing a silent times in the different channels were optimized for the se-
discharge. The oxygen was also used for the measurementsected combination of light source, cell and pathlength. Then
of pure oxygen. a shutter after the end of the fibre bundle was closed and
The concentrations of each trace gas were carefully ad-the dark current was measured for the chosen pixel exposure
justed to match the different absorptions of the gases intimes.
different wavelength regions, and to avoid saturation effects Thereafter a spectrum of the lamp was recorded without
(this was validated before the SCIAMACHY measure- any absorber in the cell. During this measurement the cell
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only filled with the carrier gas (}y. After evacuation the cell ~ calibration. Once a week a spectrum of the internal
was filled with the gas mixture to be measured. After having white light source in the SCIAMACHY spectrometer was
achieved equilibrium conditions in the cell an absorption measured.
spectrum was recorded and the gas mixture was pumped out Three measurement series were performed with the
of the cell. At last a lamp spectrum was again measured in SCIAMACHY pre-flight model. In October 1998 the
order to monitor lamp drifts. Each measurement took 320 s, so-called “Pl-Period” took place. After modifications of the
while the detectors of the different channels were repeatedlyinstrument the “Delta-PI-Period” (January 1999) and the
read out. “Delta2-PI-Period” (January 2000) were performed. During
At the beginning and end of each day a spectrum the latter two campaigns, only measurements in channels
of the CrPtNe lamp either on CATGAS or built in the concerned by the instrument modifications were repeated.
SCIAMACHY spectrometer was recorded for wavelength The total measurement time was about 5 weeks.
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3. Data reduction and error budget spectral ghosts (see the more detailed description provided
by industry[3]). For channel 1, a special straylight algo-
After inspection, the readouts of all individual channels rithm was applied due to the strong polarization dependence
were averaged for each channel, and for each measurementf the straylight in this channdb]. The calculated stray-
the dark current was subtracted from the two lamp spec- light was subtracted from the lamp and from the absorption
tra and the absorption spectrum. Then the uniform and thespectra. By dividing the lamp spectra measured before and
non-uniform (“ghost”) spectral straylight was calculated for after the absorption spectrum through each other, a possible
each spectrum employing a procedure defined during thelamp drift during the measurement and the signal-to-noise
calibration phase, i.e. using scaling factors for the uniform ratio was monitored. Usually the lamp drift was less than
straylight in the different channels and polynomial coeffi- 1% and the signal-to-noise ratio was larger than 200 and
cients describing the positions and intensities of the different in many cases up to a few 1000 (depending on wavelength
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Fig. 2. O; absorption spectra measured with SCIAMACHY. (a) Absorption cross-sectionszah @Ghe Huggins and Chappuis bands at different
temperatures. (b) Absorption cross-sections gfi©the Wulf bands at different temperatures.
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and the absorbers). The lamp spectra with the smaller drift spectra at the other temperatures for some atomic lines in
in relation to the absorption spectrum and with the better the Chappuis bands caused by the lights in the hall where
signal-to-noise ratio was chosen as reference spectrum. Atthe measurements took place. The spectra of 40243,
any rate the lamp spectrum with the higher signal-to-noise 223 and 203K also comprised absorption gi¥, which
ratio was used. If both lamp spectra were of the same qual-is formed in thermal equilibrium with N®at low tempera-
ity, they were weighted and averaged to obtain the referencetures. They had to be corrected for this absorption by a pro-
spectrum. Then the optical density was calculated using thecedure using three different optical densities of INQO4
Beer—-Lambert law. and based on the fact thab®, has negligible absorption

If necessary the optical densities were corrected for resid- at wavelengths above 400 ni,7]. For each molecule, the
ual lamp drifts by adding a constant value assuming the lamp optical densities measured at different partial pressures were
drift was linear with time. The @spectrum at 293K hadto  scaled to each other and were wavelength-calibrated using
be corrected for an additional OCIO absorption, and the O a fifth-order polynomial (as recommended by industry and
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by the SCIAMACHY Science Advisory Group during the scaled to absolute absorption cross-sections using molecu-
calibration phase). Then the optical densities were concate-lar absorption cross-sections from literature. Theoptical
nated to obtain complete spectra over the whole absorptiondensities were scaled to absorption cross-sections calculated
wavelength range of the measured molecule. The overall un-with the polynomial coefficients given by Bass and P&{ir
certainty of the optical densities caused by lamp drifts and The NG and the S@ optical densities at 293 K were scaled
noise is always less than 1.1%. to the absorption cross-sections measured by Vandaele et al.
In order to calculate absolute absorption cross-sections[9,10]. The optical densities at the other temperatures were
from the optical densities, the optical pathlengthnd the scaled using the integrated absorption cross-section of the
partial pressure of the trace gas in the cell have to be knownelectronic transition, which is independent of temperature
very precisely. Due to the limited time avaible during the Pl assuming that the electronic transition moment is indepen-
periods the partial pressures of the trace gases could not balent from the nuclear coordinates in the temperature range
determined exactly. For this reason the optical densities were200-300 K[7,11,12] The OCIO optical density was scaled
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to the absorption cross-sections measured by Krommingaassessment of the error budget is a difficult task, which might
et al. [13] and the @ optical densities were scaled using be the reason for under-estimation of experimental errors in
HITRAN data[14]. Further details of the concatenating and the past (see for example the comparisons madiez}). In
scaling procedures including detailed comparisons with pre- this work, the errors were obtained by summing up all error
viously published cross-sections are reported by Bogumil estimates using the square-root sum of the quadratic errors
[15]. only for the statistical errors. A detailed description of these
The uncertainty of the absorption cross-sections is given calculations is given by BogumjL5].
by the uncertainty of the optical densities, the uncertainty In summary, the uncertainty of thes@bsorption cross-
of the absorption cross-sections used for scaling, and thesections is always 3.1% or less except for regions with cross-
uncertainty in the scaling procedure, and is both dependentsections below 10?3 cn? and in the overlap region between
on statistical and systematic errors. Note that an accuratechannels 1 and 2 (305-320nm) where the contribution
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of uncorrected straylight is significant. The uncertainty NO,, the near-infrared absorbers) that are much narrower
of the NGO and SQ absorption cross-sections depends than the SCIAMACHY ILS, the cross-sections contain an
on the temperature and is 3.2% for the N@bsorption additional systematic error from the convolution which is
cross-sections at 293K, 3.4% for the M@bsorption difficult to assess and depends also strongly on the accuracy
cross-sections at lower temperatures, 2.8% for the SO of the ILS determination. However for NGand OCIO the
absorption cross-sections at 293K, and 3.0% for the SO comparison with previously published data shows excel-
absorption cross-sections at lower temperatures. The overallent agreement with less than 2% RMS deviations between
uncertainty of the OCIO absorption cross-sections is 8.5%. the SCIAMACHY PFM spectra of this study and those
Note that for gases with highly structured spectra (OCIO, recorded with high-resolution FTR2,13]
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Fig. 7. Measured absorption spectra ofNin SCIAMACHY channel 8. “Hot” and “bad” pixels are visible and have not been corrected for in this plot.
Both spectra are shown over pixel numbers. Note that the detector shim has led to a spectral shift, too.
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4. Absorption cross-sections the band origin of the Wulf bands at 9553.13¢h16]

(seeFig. 19. In channels 7 and 8 the absorption to highly

In this section the measured temperature-dependentexcited vibrational states can be observed (Beg 1b.
absorption cross-sections are presented. The absorptioThe line positions and intensities of these bands have been
cross-sections vary with temperature because the rotationameasured recently by high-resolution Fourier-transform
and vibrational state distribution in the electronic ground spectroscopy17-21] The temperature dependence of the
state changes with temperature. Generally the differential Hartley, Huggins and Chappuis bands in the &bsorp-
cross-sections increase with decreasing temperature. tion cross-section is in agreement with previous studies

Temperature-dependent absorption cross-sections 0f{11,12,22—-25] Due to the high partial pressures of; O
ozone were obtained from 230 to 1070 nm thus containing used in the measurements (up to about 100 mbar) and due

i1

Y

0,95 ‘
0,90 —
0,85 -
0,80 —
0,75 —

0,70 L

transmittance

L e e o LR T
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

wavelength in nm

Fig. 9. Measured absorption spectrum of 80 SCIAMACHY channel 7. Note the presence of small etalons in the baseline, probably from the CATGAS
set-up.
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to the high sensitivity of the SCIAMACHY spectrometer 293 and 203K in the absorption peaks, probably due to the
(noise-equivalent absorbance of about4)) even the very  changing rotational population of the ground state. Note that
weak absorption (about 183cn? per molecule) between one can even see part of the rotational fine structure of the
350 and 420 nm was measured with a good signal-to-noiseband at 1000 nm, in agreement with very high-resolution
ratio of about 100 (seEig. 29. In the region above 900nm  work [16]. This region is also important because the oxygen
one can see that the noise becomes visible at cross-section8-band around 762 nm is used for cloud detection and de-
of 10%*cn? per molecule and below where the optical termination of cloud properties, where the atmospherc O
densities come close to the noise. absorption has to be taken into acco[24].

The hot and cold bands in the Huggins bands are clearly Absorption cross-sections of NOwere measured be-
visible in these spectra. The intensity of the hot bands, aris-tween 203 and 293K (seEig. 3). The temperature de-
ing from excited vibrational states in the electronic ground pendence in the wavelength region used for atmospheric
state, decreases with decreasing temperature, while the indetection is shown ifrig. 3b The absorption cross-sections
tensity of the cold band increases. With decreasing tem- measured by the SCIAMACHY spectrometer are compared
perature the envelopes of the Huggins and the Chappuiswith absorption cross-sections measured by the GOME
bands move slightly towards shorter wavelengths (due to spectrometer over a similar spectral range (231-794 nm)
the change in the Franck—Condon points following from and at similar temperatures (221-293[RY]. The absorp-
the depopulation of excited rotational-vibrational states in tion cross-section measured by the GOME spectrometer
the electronic ground state with decreasing temperature)are smaller at all temperatures than the SCIAMACHY ab-
and the absorption between these two bands decreases. Horption cross-sections (probably due to a different scaling
is however unexplained why this absorption seems to in- reference, see referen§&2]) but except for these differ-
crease again between 223 and 203 K. This was already ob-ences the absorption cross-sections agree very well over
served in the ozone absorption cross-sections measured witla broad wavelength range. This shows that both sets of
the GOME FM spectrometét 1] and by Fourier-transform  temperature-dependent absorption cross-sections do not
spectroscopy[7,25], so an error caused by lamp drifts is contain residual BO4 absorption and errors caused by lamp
improbable, although systematic errors are not entirely ex- drifts.
cluded. Due to the high purity of the used gases, absorption In Fig. 4 the absorption cross-sections of $@nd
of gaseous impurities is not to be expected. Maybe a weakly their temperature dependence in the 295-320 nm wave-
bound complex of @ and G is formed at lower tempera- length range are shown. At 293K the absolute absorp-
tures, as already proposed previougl$]. tion cross-sections agree within 5% with the absorption

The temperature dependence of the Wulf bands was mea-<ross-sections measured by Vandaele et[E)] and by
sured for the first time at more than two temperatures and Hearn and Joerj&8], whereas the differential cross-sections
over a broad spectral range (d€ig. 2b. In this region the measured by the SCIAMACHY spectrometer are slightly
differential absorption cross-sections vary by 20% between larger. The absorption cross-sections of &d OCIO are
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Fig. 10. Measured absorption spectrum gfHin SCIAMACHY channel 7.
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presented inFig. 5. The OCIO absorption cross-sections different temperatures using Br or | atoms (produced by a
were scaled to the absorption cross-sections measured bilent discharge) mixed with gaseous énd Q.

Kromminga et al[12] and are therefore about 10% smaller

than the absorption cross-sections measured by Wahner

et al. [29]. The relative agreement between the SCIA- 5. Near-infrared absorbers

MACHY cross-sections and those of Kromminga ef{&2]

is indeed excellent, as shown in the latter paper. In addition In order to validate the available spectroscopic database
to the data shown here, a spectrum ¢fd® at room tem-  and to verify the instrumental line shape and spectral calibra-
perature was recorded (with a signal-to-noise ratio of about tion parameters provided by industi3j, measurements of
10%) and also a few spectra of the radicals BrO and IO at the most relevant atmospheric absorbers in the near-infrared
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Fig. 11. SQ absorption spectra at different temperatures from a parametric model. (a) Modelled absorption cross-sectign(bf B&tio of the
modelled and measured absorption cross-section of SO
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were also performed with the SCIAMACHY PFM: these are gas measurements were undertaken in early 1999. There is
H,0, CO, CO, O and CH. Most of these gases were a clear improvement in spectral resolution in the channels
also measured at two different temperatures {Edge 2. 7 and 8 (sed-igs. 6 and Y. Examples of absorption spec-
Note that these measurements were extremely important intra of CO, CQ and HO measured with the SCIAMACHY

the identification of a serious problem with the near-infrared PFM after the refurbishment are presented infhgs. 8—10
detector optics, since the detector arrays of channels 7 and\ote that this refurbishment was a crucial step in order
8 were slightly out of focus leading to a significant loss to achieve the required sensitivity for measurements of at-
of resolution and thus of sensitivity towards differential ab- mospheric CO and PO from space. Comparisons of the
sorption structures. Therefore, the SCIAMACHY instrument measured spectra with the HITRAN database are currently
was refurbished in late 1998 (detector shim) and new tracein progress.
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Fig. 12. Spectral calibration of the SCIAMACHY instrument. (a) Spectral lines of the CrPtNe hollow cathode lamp in channel 2 (309-405nm). The
spectral lines used for calibration are indicated by arrows. Note that the higher wavelengths are on the left side of the spectrum due to theereadout ord
in channel 2. (b) Optical densities of OCIO, W@nd SQ in channel 2 (309-405nm) that were used for wavelength calibration. Note that the higher
wavelengths are on the left side of the spectrum due to the readout order in channel 2.
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6. Temperature parametrization of the absorption
Cross-sections

Absorption cross-sections are usually measured at se-
lected temperatures. In order to characterize their tempera-
ture dependence and to calculate absorption cross-sections
at intermediate temperatures, an empirical temperature
parametrization is applied to the measured absorption
cross-sections, using the following formula:

62(?»)>

T

Note that for @ a quadratic formula is also very well
adapted for the reproducing the temperature dependence of
the absorption cross-sections within experimental uncertain-
ties[8,12] and that for N@ and OCIO a linear model with
only two terms is sufficientl2,13] However, the theoretical
interpretation of the parameters needs further investigation.

In this way, noise in the spectra as well as small system-
atic errors due to lamp drifts and to unrecognised stray-
light are significantly reduced. For example, for the,SO
absorption cross-sections, this procedure was applied to
describe the temperature dependence at each wavelength,
the wavelength-dependent parameters being adjusted by a
non-linear least-squares fitting routine in the wavelength
range between 260 and 335 nm. The absorption spectrum at
273K was however excluded because of problems caused
by lamp drifts. For this temperature it is recommended to
use only the modelled spectrum. The agreement between
the measured and the modelled spectra is better than 2%
between 260 and 320 nm (s€é&. 11). For smaller wave-
lengths, larger deviations are observed as a result of lamp
drifts, and for longer wavelengths the deviations result
from the small absorbances. The temperature parametriza-
tion was applied to the N© absorption cross-sections
in the 400—-600 nm wavelength region and to thg &b-
sorption cross-sections in the 320-350 nm wavelength re-
gion. The modelled spectra agree better than 2% with the
measured spectra within these wavelength regions. The
wavelength-dependent parameters can be obtained from the
authors upon request.

oA, T)=0(A, Tp) exp(—cl(k) T+

7. SCIAMACHY instrument characterization
7.1. Wavelength calibration

The wavelength calibration of the SCIAMACHY spec-
trometer is performed using the spectral lines of an ex-
ternal CrPtNe lamp[3]. These lines were previously
wavelength-calibrated using high-resolution Fourier-trans-
form spectroscopy in the UV-Vi§30] and infrared[31]
regions. However, the spectral lines are not evenly spread
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Fig. 13. Instrumental line shape of SCIAMACHY in channels 7 and 8.
(a) Spectral lines of the CrPtNe hollow cathode lamp in channel 7 fitted

. by a Gaussian function and according residuals of the fit. (b) Spectral
over the spectral range of the SCIAMACHY instrument ine of the CrPtNe hollow cathode lamp in channel 8 fitted by a Voigt

(seeFig. 123. Especially at the borders of the channels profile and according residuals of the fit.
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and in the entire channel 7, strong lines useful for spec- convolution with the same ILS function but with a smaller
tral calibration are missing and the polynomial expressions FWHM resulted in a better agreement.

for transformation of pixel numbers into wavelengths have  The ILS function in the channels 7 and 8 was derived
to be extrapolated. Therefore, molecular absorption struc-from measurements performed during the “Delta-Pl-period”
tures were used for improving the wavelength calibration after realignment of the diode-array detectors (“shimming”)
in these regions (se€ig. 12h. To determine the pixel by industry, see alsbigs. 6 and 7Different analytical func-
positions of the molecular structures, the optical density tions were fitted to the spectral lines of the CrPtNe lamp
spectra as a function of the pixel numbers were interpolatedusing a non-linear least-squares fitting routine. From these
on a finer wavelength grid. The centre wavelengths of the fits the type of the ILS function in the near-IR channels was
molecular absorption structures were determined using cal-determined (see as examplégg. 13. The ILS function in
ibrated molecular spectra measured by Fourier-transformchannel 7 is best reproduced by a Gaussian function (FWHM
spectroscopy at the same temperat(ire¢l),13]and convo- 1.7 pixels) and in channel 8 by a Voigt function (FWHM
luted with the SCIAMACHY ILS provided by industry. A 1.3 pixels). Because there are only a few spectral lines in
fifth-order polynomial was fitted to the data using a linear each channel, the wavelength dependence of the FWHM
least-squares fit. The residuals are smaller than 0.01 nm inof the ILS function could not be determined. However, for
the middle of the channels and slightly larger at the borders this purpose, molecular absorption spectra can provide the

of the channels. necessary information because some of them show bands
of regularly spaced lines over the entire channels. As men-
7.2. Instrumental line shape tioned above, molecular absorption spectra (CO2,QTH,,

H>0, N2O) were measured at a total pressure of 500 mbar

The SCIAMACHY instrumental line shape (ILS) is a using N as buffer gas in order to broaden the spectral lines
function of wavelength that needs to be determined for eachand to prevent their saturation. Using these spectra for char-
channel by fitting different functions to the spectral lines of acterizing the ILS the pressure broadening has to be taken

a CrPtNe hollow cathode lamp. For channels 1-6, the type into account. The FWHM of the pressure broadened lines is
of the ILS function (simple hyperbolic function for channels between 0.2 and 0.4 pixels (0.02 and 0.06 nm), respectively.
1-5 and a Gaussian function for channel 6) and its FWHM Because of the pressure broadening (the total pressure was

for each channel were provided by indugi8y, seeTable 1 500 mbar to avoid saturation problems) the molecular lines
In this study, highly resolved molecular spectra measured in channel 7 also were fitted using a Voigt profile because
by Fourier-transform spectroscof#;9,10,13,25}vere con- the convolution of the Lorentzian line shape of a pressure

voluted with the ILS function (assuming that a constant broadened molecular line with the Gaussian slit function
FWHM for each channel) and compared to the spectra mea-is a \Voigt profile. The Doppler line width is negligibly
sured with the SCIAMACHY spectrometer. The agreement small compared to the pressure broadening under these
was generally good, except for channel 1. In this channel the conditions.
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Fig. 15. Straylight characterization in the UV. Straylight before and after the modification of SCIAMACHY channel 1 (usewg fler).
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7.3. Straylight properties instrument characterization and for improving the spectro-
scopic database, together with laboratory work providing
Especially in the ultraviolet wavelength region, a high spectra at high-resolution, i.e. with an ILS narrower than
suppression of straylight in the satellite spectrometer is the smallest widths of the molecular absorption structures
essential because the solar radiance varies over about tw¢33].
orders of magnitude in the wavelength region 200-350nm, All data presented in this paper are available in digital
and the earthshine radiance even over approximately fourform by request to any of the authors, or on the WWW
orders of magnitude. At the same time, it is rather diffi- (http://www.iup.physik.uni-oremen.de/gruppen/molspec/
cult to obtain an accurate correction for straylight in such
complex instruments like SCIAMACHY and GOMB2].
Generally, to investigate the straylight properties of the in- Acknowledgements
struments, narrow-band spectral filters or stimuli are used
by industry. However, it should be pointed out that molec-  This project has been supported by the German Space
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small amount of ozone in the cell absorbs extremely well Bremen. The authors wish to thank the many scientists and
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