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ABSTRACT 
 
Stratospheric profiles of various trace gases can be retrieved from limb measurements performed by SCanning 
Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) instrument on the ENVISAT 
satellite. A two-step method is used to retrieve stratospheric distribution of NO2, BrO and OClO. In the first step, 
slant column densities (SCDs) of the trace gases are derived from the SCIAMACHY limb spectra by Differential 
Optical Absorption Spectroscopy (DOAS). Second, the measurement geometry is simulated by applying the full 
spherical radiative transfer model “Tracy-II”. The inversion is performed by an optimal estimation method. The 
Monte Carlo RTM method implements completely statistical approach of light paths and light scattering and 
absorption in the atmosphere, however it is time consuming and therefore cannot be repeated for every iteration that 
requires reasonable linearization to an a-priori atmosphere. We demonstrate the current status of the retrieval and 
the results. They agree well with climatological expectations and results acquired from other instruments. 
 
1. INTRODUCTION 
 
Nitrogen and halogen compounds are playing a major role in chemical processes of the atmosphere being involved 
in processes responsible for ozone loss e.g. [1]. 
Long term and global observations of atmospheric trace gases like O3, NO2, BrO and OClO have been realized with 
GOME, the first satellite instrument using DOAS technique (e.g. [2], [3], [4], [5], [6], [7]). It operates in nadir 
observation mode that provides total column data with global coverage achieved in 3 days at equatorial region [8] at 
high latitudes even in one day.  
In recent years besides nadir observational geometry, measurements in limb geometry are providing further 
opportunities, namely, to extract moderate resolution profile information by measuring backscattered light viewing 
air masses at different elevation angles. Satellite instruments such as the Optical Spectrograph and Infrared Imager 
System (OSIRIS) on Odin satellite [9], SCIAMACHY on ENVISAT [10], also the Stratospheric Aerosol and Gas 
Experiment (SAGE III) on the Meteor 3 have limb observation possibility [11].  
The SCIAMACHY instrument on the ENVISAT satellite is flying in a near polar Sun synchronous orbit having 
inclination from equatorial plane approximately 98.5° and is performing one orbit in 100 minutes with equator 
crossing time of 10:00 in descending mode. The satellite probes atmosphere in the day side of Earth in alternating 
sequences of nadir and limb measurements. Limb scans are performed with approximately 3.3 km elevation with 
swap across flying direction of 960 km at tangent point (TP) consisting of 4 pixels. (In this study DOAS retrieval is 
performed for each of four pixels but measured SCDs are co-added in order to increase error statistics.) The field of 
view (FOV) is 0.045° in elevation and 1.8° in azimuth that corresponds approximately 2.5 km and 110 km at TP 
respectively. The SCIAMACHY is measuring in the UV-vis-NIR spectral range 240 – 2380 nm having spectral 
resolution of approximately 0.25 – 0.55 nm in UV-vis range. For more instrumental details please refer to [10]. 
In addition to existing limb retrievals of O3, NO2 and OClO from OSIRIS [12], [13], [14] and retrieval possibility of 
O3 and NO2  from SAGE III [11], SCIAMACHY for the first time allows retrieval also of BrO stratospheric 
profiles. 
The aims of this study is to describe in detail a new and relatively simple retrieval of the NO2, BrO and OClO 
vertical profiles from the SCIAMACHY limb measurements developed at the Institute of Environmental Physics at 
the University of Heidelberg (IUP Heidelberg). It allows efficient acquisition of the trace gas profiles, and  shows 
good agreement of the retrieved BrO and NO2 profiles with balloon measurements [15] and [16].  
 
2. RETRIEVAL ALGORITHM 
 
In this work NO2 and BrO retrieval from SCIAMACHY measured limb spectra is done in two blocks as illustrated 
in fig. 1. In the first part, slant column densities (SCDs) for the trace gases are derived from the SCIAMACHY limb 
spectra by Differential Optical Absorption Spectroscopy (DOAS). Second, the trace gas SCDs are converted into 
vertical concentration profiles applying radiative transfer modeling and the optimal estimation method.   
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Fig. 1. Diagram of the retrieval algorithm for profile derivation. 

 
2.1. Slant column density retrieval 
 
The SCD of the considered absorber is deduced by Differential Optical Absorption Spectroscopy [17]. The DOAS 
retrieval for NO2 is performed in the 420–450nm, for BrO in 337 – 357 nm and for OClO in 363 – 391 nm spectral 
range. The measured and calibrated spectral information from SCIAMACHY is analyzed with respect to a pseudo 
top-of-the-atmosphere (TOA) reference spectrum taken as average of SCIAMACHY measurements at tangent 
heights between 40 to 46 km for NO2, 36 km for BrO and 33 km for OClO to infer the SCDs. Considered trace gas 
absorption cross sections are NO2 at 223K from [18], O3 at 241 K [18], BrO at 228 K [19], H2O at 273 K from [20], 
O4 at 298 K from [21] and 213 K from [22] for OClO. In addition we account for the Ring effect [23], instrumental 
straylight and broadband spectral features by considering a calculated Ring spectrum and the inverse of the TOA 
reference at 36 km for BrO and 43 km for NO2 as fitting parameters. 
Fig. 2  demonstrates examples of the DOAS fit for BrO and OClO. 
 

 
 

Fig.2. Examples of BrO (left) and OClO(right) DOAS fits. 
 
2.2. Profile retrieval 
 
To retrieve the profile of a trace gas the functional connection between SCDs and profile should be determined: 
 

ε+= ),( bxFy      (1) 
 
where  y – measurement vector (a SCDs set retrieved for different tangent heights of one SCIAMACHY limb scan 
state), 
 x – state vector (trace gas profile) 
 ε - measurement error 
 F – forward model that according our knowledge i.e. radiative transfer model, transforms state vector into 
the measurement vector 
 b – auxiliary parameters not intended to be retrieved. 
 
Assuming a linearized problem with respect to the a-priori atmosphere equation (1) can be written: 
 

ε+= Kxy   (2)  jijij hAK ∆⋅=   (3)   
 
Here each Kij element of the weighting function matrix K expresses how large the impact of a change in 
concentration at altitude level j on measured SCDs at tangent height i will be. In this study in the place of weighting 
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function matrix consisting of elements Kij the box air mass factor matrix A is retrieved by a radiative transfer 
modeling. A discussion about radiative transfer modeling please find in chapter 3. h is the thickness of layer j. 
The trace gas profile vector x is retrieved using Bayesian approach described by [24]. A-priori assumes 
concentration variation in 100% range.  
Since SCIAMACHY has tangent height miss-pointing from values given in the dataset [25], a tangent height 
correction was performed according the month average pointing errors given in [26].  
After correction for the miss-pointing the retrieved SCDs are interpolated to a tangent height grid of 3 km and also 
retrieval is constrained into a similar grid having 3 km altitude steps. 
 
3. RADIATIVE TRANSFER MODELLING 
 
We use 3D full spherical Monte Carlo radiative transfer model “Tracy-II” to calculate box AMFs. The model 
“Tracy-II” is an up-to-date version of the RTM “Tracy” [27]. The largest advantage of Monte Carlo models in the 
limb geometry is that they assumes not only 3D shaping of Earth but also provide the possibility to simulate to a 
high degree an inhomogeneous atmosphere. They deal with microscopic processes in the atmosphere in a 
probabilistic way.  
The detector sees either photons directly scattered into the line of sight (LOS) of the instrument or photons already 
scattered by the atmosphere or the ground below. The limb geometry is characterized by relatively long paths of 
photons along the LOS after the last scattering event in comparison to the paths before the last scattering. 
A limiting factor for the retrieval at low altitudes is high Rayleigh scattering probability i.e. the atmosphere is 
optically thick. In the case when the atmosphere is optically transparent nearly symmetrical distribution of 
scattering of photons across tangent point (TP) scattering into the LOS can be observed. But at low elevations 
having optically dense atmosphere most of the photons visible by the instrument are contributing to the LOS at sites 
far from the TP, that means that the measured spectra practically do not contain information about the lower part of 
atmosphere.  
Fig. 3 shows an example of box AMFs calculated for limb geometry. The low sensitivity for altitudes below 12-15 
km can be realized. In fact, as will be seen later this fact allows to retrieve trace gases starting from above this 
altitude. In return for high elevations for optically thin atmosphere the box AMFs are tending to the geometrical 
estimation of box AMFs: 
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where lLOS refers to the part of LOS through an atmospheric layer of interest, h – vertical  thickness of that layer, b 
is some constant mostly depending on the difference between the altitude of elevation and the altitude of box of 
interest.  SZA means solar zenith angle. The maximum retrieval altitude therefore obviously is not determined by 
the sensitivity regarding AMFs but low intensities that can be measured at high elevations (fig. 4) giving lower 
signal to noise ratio. 
 

 
Fig. 3. Box AMFs plotted for 3 km thick boxes as function of the tangent height. The peak value usually is located 

at the tangent height equal to altitude of the “box” simulated. 



 

 
Fig. 4. Example of measured intensities by SCIAMACHY instrument at different tangent heights in the wavelength 

range 320 to 410 nm. 
 
4. RESULTS 
 
Fig. 5 shows latitudinal cross sections i.e. concentration as function of latitude and altitude for sample orbits at 
austral winter – spring for BrO, NO2 and OClO and corresponding averaging kernels. From the corresponding 
averaging kernels (right panel) one can realize that for altitudes from 10 to 15 km the retrieved profiles consist 
mainly of the a-priori information. For altitudes above it seems largely independent from a-priori, see example for 
OClO retrieval in fig. 6. Fig. 5 illustrates nicely the variety of issues on stratospheric chemistry that can be 
investigated with the SCIAMACHY limb observations: Denoxification and denitrification in polar winter, bromine 
monoxide showing only little dependence on season (compared to OClO), chlorine activation in winter and 
deactivation in spring. 

30.09.2004 NO2 NO2 

OClO OClO 

24.08.2004 
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24.08.2004 BrO BrO 30.09.2004 

 
Fig. 5. Left side: Latitudinal cross sections of retrieved trace gases – NO2, BrO and OClO for selected orbits from 
24.08.2004 and 30.09.2004. Right side: Characteristic averaging kernels. The retrieval is more sensitive to the real 

state of the atmosphere at altitudes where the averaging kernels are more close to unity. 
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Fig. 6 Two retrievals of OClO for different latitudes (left) with negligible chlorine activation and (right) with large 
chlorine activation. The same a-priori profile was used in both cases. In addition to the results using an inversion 
with a-priori profile, also results from a direct inversion (without a-priori) are plotted. They are only retrieved for 

the altitude range 12-39 km. For this range they agree well with the results using the a-priori profile. The 
independency of retrieval from a-priori can be seen from 15 to 25 km altitude range. 

 
4. VALIDATION 
 
Comparison of BrO profiles with photochemicaly corrected balloon measurements probing the same air masses as 
SCIAMACHY given in [15] was performed and shows good agreement (Fig. 7). Also the NO2 profiles have been 
validated and show good agreement, see [16] for details. 
 

 
Fig. 7. Comparison of SCIAMACHY measured BrO profiles with that from balloon measurements. Balloon 

profiles are taken from [15]. 
 

5. CONCLUSIONS 
 
SCIAMACHY provides scattered light measurements in limb geometry from which atmospheric trace gas profiles 
can be successfully retrieved. A two step retrieval for NO2, BrO and OClO is performed for selected orbits of 
SCIAMACHY limb measurements enabling to study separately the impact of spectroscopy and radiative transfer. It 
is possible to retrieve trace gas concentrations for altitudes 15 - 36 km (BrO), 15 - 39 km (NO2), 15 - 24 km (OClO) 
with a vertical resolution of ~3 km. The obtained global dataset is forming an unique time series of measurements 
for investigating atmospheric chemistry. The retrieved profiles are in accord with expectations from stratospheric 
chemistry. The acquired vertical distribution of NO2 and BrO from SCIAMACHY agrees well with data from 
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balloon instruments. Further validation especially of OClO and sensitivity studies are needed, as well as the 
investigation of effect of horizontal gradients effect on the retrieval. 
 
6. REFERENCES 
                                                 
1. Solomon S., Stratospheric ozone depletion: A review of concepts and history, Rev. Geophys., 37(3), 275–316, 
1999. 
2. Kühl, S., et al. Observational evidence of rapid chlorine activation by mountain waves above Northern 
Scandinavia, J. Geophys. Res., 109, D22309, 2004. 
3. Wagner T. and Platt U.,   Satellite mapping of enhanced BrO concentrations in the troposphere,   Nature, 395, 
486-490, 1999. 
4. Kühl S., Quantifying Stratospheric Chlorine Chemistry by the Satellite Spectrometers GOME and 
SCIAMACHY, PhD thesis, University of Heidelberg, 2005. 
5. Wagner T., et al. Continous monitoring of the high and persistent chlorine activation during the Arctic winter 
1999/2000 by the GOME instrument on ERS-2,   J. Geophys. Res., 2002. 
6. Sinnhuber B.-M., et al. Global observations of stratospheric bromine monoxide from SCIAMACHY, Geophys. 
Res. Lett., 32, L20810, 2005. 
7. Wagner T., Satellite observations of atmospheric halogen oxides, PhD-thesis, University of Heidelberg, Mensch 
und Buch, Berlin, ISBN 3-89920-032-9, 1999. 
8. Burrows J. P., et al. The Global Ozone Monitoring Experiment (GOME): Mission concept and first scientific 
results. J. Atmos. Sci. 56, 151 175, 1999 
9. Llewellyn E. J., et al. The OSIRIS instrument on the Odin spacecraft, Can. J. Phys. 82, 411–422, 2004. 
10. Bovensmann H., et al. SCIAMACHY: Mission objectives and measurement modes J. Atmos. Sc., 56, 127-150, 
1999. 
11. Rault D. F., Ozone profile retrieval from Stratospheric Aerosol and Gas Experiment (SAGE III) limb scatter 
measurements, J. Geophys. Res., 110, D09309, doi:10.1029/2004JD004970, 2005. 
12. Haley C. S., et al. Retrieval of stratospheric O3 and NO2 profiles from Odin Optical Spectrograph and Infrared 
Imager System (OSIRIS) limb-scattered sunlight measurements, J. Geophys. Res., 109, 
D1630310.1029/2004JD004588, 2004. 
13. Krecl P., et al. Retrieving the vertical distribution of stratospheric OClO from Odin/OSIRIS limb-scattered 
sunlight measurements. Atmos. Chem. Phys. Discuss., 5, 2989–3046, 2005. 
14. Sioris C. E., et al. Stratospheric profiles of nitrogen dioxide observed by optical spectrograph and infrared 
imager system on the Odin satellite. J. Geophys. Res. 108(D7), 4215, doi: 10.1029/2002-JD002672, 2003. 
15. Dorf M., et al, Balloon-borne stratospheric BrO measurements: Comparison with Envisat/SCIAMACHY BrO 
limb profiles, Atmos. Chem. Phys. Discuss., 5, 13011-13052, 2005. 
16. Butz A., et al. Inter-comparison of stratospheric O3 and NO2 abundances retrieved from balloon borne direct 
sun observations and Envisat/SCIAMACHY limb measurements, Atmos. Chem. Phys. 6, 1293–1314, 2006. 
17. Platt U., Differential Optical Absorption Spectroscopy (DOAS), in Air Monitoring by Spectroscopic 
Techniques, edited by M. W. Sigrist, Chemical Analysis Series Vol. 127, John Wiley, New York, 1994 . 
18. Bogumil K., et al. Measurements of Molecular Absorption Spectra with the SCIAMACHY Pre-Flight Model: 
Instrument Characterization and Reference Data for Atmospheric Remote-Sensing in the 230-2380 nm Region, J. 
Photochem. Photobiol. A., 157, 167–184, 2003. 
19. Wilmouth D. M., et al. Fourier Transform Ultraviolet Spectroscopy of the A(²Π3/2)← X(²Π3/2) Transition of 
BrO, J. Phys. Chem., 103, 8935-8944, 1999. 
20. Rothman L. S., et al. The HITRAN molecular spectroscopic database: edition of 2000 including updates 
through 2001, J. Quant. Spectrosc. Radiat. Transfer, 82, 5-44, 2003. 
21. Greenblatt G. D., et al. Absorption measurements of oxygen between 330 and 1140 nm, J. Geophys. Res., 95, 
18 577–18 582, 1990. 
22. Kromminga H., et al. New measurements of OClO absorption cross sections in the 325-435 nm range and their 
temperature dependence between 213-293 K, J. Photochem. Photobiol. A.: Chemistry, 157, 149-160, 2003. 
23. Grainger J. F. and Ring, J., Anomalous Fraunhofer line profiles, Nature, 193, 762, 1962. 
24. Rodgers C. D., Inverse methods for atmospheric sounding: Theory and practice. World scientific publication, 
Singapore, 2000. 
25. Kaiser J. W., et al. Satellite Pointing Retrieval from Atmospheric Limb Scattering of Solar UV-B Radiation, 
Can. J. Phys., 82, 1041–1052, 2004. 
26. von Savigny C., et al. Spatial and temporal characterization of SCIAMACHY limb pointing errors during the 
first three years of the mission. Atmos. Chem. Phys., 5, 2593–2602, 2005. 
27. von Friedeburg C. Derivation of Trace Gas Information combining Differential Optical Absorption 
Spectroscopy with Radiative Transfer Modelling. Ph.D. Thesis, IUP Heidelberg, Heidelberg, 2003. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


