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1 Introduction

This document describes the Onion Peeling DOAS (Differential Optical Absorption
Spectroscopy) (in short ONPD) algorithm V4.5 (product version 4.5.2) used for the
retrieval of stratospheric concentrations of atmospheric constituents from solar occulta-
tion measurements of the Scanning Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY, see e.g. Bovensmann et al. [1999]). Currently, the al-
gorithm is used to derive stratospheric methane and CO2 number densities and in a
second step also volume mixing ratios (VMRs). Therefore, this document concentrates
on the retrieval of CH4 and CO2, but the method is in principle (e.g. by adaptation of fit
windows) also applicable to other species.

A previous version of the algorithm (using a slightly different approach) has already
been used for the retrieval of water vapour profiles [Noël et al., 2010b] and other green-
house gases (CH4 and CO2, see Noël et al. [2010a, 2011]).

The algorithm is still under development, therefore the information given in this docu-
ment might change for future product and algorithm versions.

2 Inversion algorithm

The ONPD algorithm uses a weighting function DOAS (Differential Optical Absorption
Spectroscopy) fit (see e.g. Coldewey-Egbers et al. [2005]) in combination with an onion
peeling approach (see e.g. Russell and Drayson [1972]).

For the onion peeling the atmosphere is divided into horizontal layers such that the
absorption of the whole atmosphere can be written as the sum of the absorptions of the
individual altitude layers. The retrieval starts at the top layer and propagates downwards,
taking into account the results of the upper layers.

Let ci,k be the atmospheric parameter associated to the absorption features (e.g. the
number density of absorber k) in atmospheric layer i. The main equation of the ONPD
method for a tangent altitude j is then given by:

ln

(
Ij
I0

)
= Pj + ln

(
Ij,ref
I0,ref

)
+
∑
k

∑
i

αij,k ai,k (1)

Ij is the measured radiance in solar occultation for tangent altitude j. I0 is the cor-
responding radiance at a high reference altitude where atmospheric absorption can be
neglected. The ratio Ij/I0 is therefore the solar transmittance.

Ij,ref and I0,ref are the corresponding values calculated for a reference scenario (i.e. for
a reference set of parameters ci,k,ref).
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The quantity αij,k describes – similar to a relative weighting function – the change of
the (logarithmic) transmittance when changing the atmospheric parameter (evaluated at
ci,k,ref):

αij,k := ci,k,ref
∂ ln(Ij/I0)

∂ci,k

∣∣∣∣
ci,k,ref

(2)

αij,k is determined by radiative transfer calculations using SCIATRAN 3.3 in trans-
mission mode [Rozanov et al., 2013] and a solar irradiance spectrum derived from an
empirical solar line list provided by G. Toon (NASA Jet Propulsion Laboratory). In
the SCIATRAN calculations the effects of refraction and the vertical size of the SCIA-
MACHY field of view (0.045◦) have been considered. A main advantage of the weight-
ing function DOAS method is, that dependencies on pressure and temperature can be
handled in a similar way as for absorbers, i.e. via corresponding weighting functions.
Therefore, c may be either a number density of an atmospheric constituent, pressure or
temperature.

The scalar ai,k is defined as the relative change of ci,k, i.e.:

ai,k :=
∆ci,k
ci,k,ref

=
ci,k − ci,k,ref
ci,k,ref

(3)

As typical for DOAS, a low-order (in the present case 2nd order) polynomial Pj is
introduced to handle broadband absorption features and uncertainties in the radiometric
calibration.

The retrieval starts at the top of the atmosphere and then propagates downwards. For
each tangent altitude the coefficients of Pj and the corresponding aj,k are determined
via a non-linear least squares fit. Note that only one aj,k (for each absorber) needs to
be determined in one step. Furthermore, there is the possibility to fit also a wavelength
dependent spectral shift to account for uncertainties in the spectral calibration.

Note that the summation over altitude (index i in eq. 1) now also considers altitudes
below the tangent height. This is necessary to account for effects of refraction and
vertical smearing of the signal by the instrument field of view. However, because of
the onion peeling approach there is no information about altitudes below the tangent
height j. Therefore, as an approximation, it is assumed in the retrieval for altitude j
that ai,k = aj,k for all i < j. This essentially means that for retrieval step j all altitudes
below j scale the same way as for j. This is a reasonable assumption, noting that the
contributions from altitudes below the current tangent height are typically small and
limited to a few kilometres.

The finally retrieved value for cj,k (e.g. the number density of the absorber k at altitude



Doc.Nr.: IFE-TN-ONPD-001 5/13

j) is then given (see Eq. 3) by:

cj,k = (1 + aj,k) cj,k,ref (4)

Here, cj,k,ref is the reference value for cj,k as used in the radiative transfer calculations
to determine Ij,ref/I0,ref as well as the α’s.

The actual number of absorbers depends on the selected fit window. In case of methane
and CO2 retrieval, the fit window is 1559–1671 nm, and the considered quantities are
CH4, CO2, temperature and pressure. However, only CH4 and CO2 number densities are
determined in the fit; pressure and temperature are kept fixed. For the current product
version (V4.5.2) the input temperature and pressure profiles are taken from collocated
ECMWF data. Additionally, a spectral shift and squeeze correction for the wavelength
calibration is fitted.

The main advantages of the Onion Peeling DOAS method are its simplicity and the use
of a pre-calculated data base such that no individual radiative transfer model calculations
are required during the retrieval. The method is therefore numerically very fast and well
suited for application to large data sets.

The retrieval altitude grid reaches from 0 to 50 km in 1 km steps. The retrieval is per-
formed for all altitudes between 10 and 50 km, but for methane and CO2 useful results
are only achieved between 17 and 45 km due to tropospheric effects (e.g. refraction at

Figure 1: SCIAMACHY solar occultation measurement. Blue: Tan-
gent points of scan. Yellow: Geometrical sun. Orange: Refracted sun.
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lower altitudes) and too much noise (at higher altitudes).

The SCIAMACHY solar occultation measurements are performed by regular scans over
the solar disk during (apparent) sunrise1 (see Fig. 1). One upward or downward scan
takes 2 s. Typically 16 readouts are taken during one scan, looking at different regions
of the sun. A selected subset of SCIAMACHY occultation data is used in the retrieval.
This subset is determined in the following way:

For all tangent altitudes below 60 km the transmission is computed by division of the
spectrum obtained at a certain tangent height to a corresponding reference spectrum
measured at around 200 km tangent height. Two reference spectra are used, one for
upward and one for downward scans. As the reference spectrum we take the spectrum
with the highest signal outside the absorption (i.e. at the lower edge of the fit window)
within one (upward or downward) scan around this altitude. Then, the altitude range
between 0 and 60 km is divided into 0.5 km bins. In each of these bins we select the
spectrum with the highest transmission. Additional constraints are:

• The transmission has to be higher than 0.01. This removes too noisy data.

• Starting from the bottom, a valid transmission has to be higher than the previous
valid transmission minus 0.02. This assures a (roughly) monotonic increase of
transmissions with altitude, as it is expected without absorption.

Before the retrieval the (logarithms of the) SCIAMACHY measured spectra are inter-
polated to the 1 km retrieval grid using Akima splines; this interpolation to a fixed grid
is required by the onion peeling method. Since the ONPD retrieval is not sensitive to
absolute radiometric calibration, each measured spectrum is normalised before the in-
terpolation to its average value. This increases the stability of the spline interpolation
towards e.g. noise effects.

Fig. 2 shows an example for a fit at 25 km and the corresponding residual.

After the retrieval, some additional corrections are applied which are described in sec-
tion 3. Finally, VMRs are derived from retrieved number densities using the pressure
and temperature profiles assumed in the retrieval, i.e. in the present case the correspond-
ing ECMWF data.

1Note that although SCIAMACHY sees a rising sun (due to the orbital motion of the satellite), the local
time at the tangent point corresponds to sunset.
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Figure 2: Example for a fit at 25 km tangent altitude. Top: Spectra (signal after
interpolation and fit result). Bottom: Residual.

3 Corrections

3.1 Error correction

As described above and shown in Eq. 1, in the onion peeling approach only the density
scaling factors for the actual tangent height j are fitted (i.e. the aj,k for each absorber
k). All ai,k from below the tangent height are assumed to be identical to aj,k (for this
fit), and all ai,k from altitudes higher than j are known from previous fits. The error for
aj,k is the fit error (derived from the covariance matrix) scaled with the RMS of the fit
residual. This accounts for the unweighted fit.

However, this approach implies that in the fit for altitude j all ai,k for i > j are assumed
to have no error (although the error is in fact determined in previous fits). As a conse-
quence, the derived error for aj,k is too large as it includes also the errors from upper
altitudes.
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To account for this effect, the retrieved errors have been multiplied by a factor of 0.66.
This value has been derived by application of standard error propagation to about 10000
retrievals. From this it turns out that the required error correction factor is almost con-
stant over altitude and quite independent from the observed scene. It is also the same for
CH4 and CO2, thus indicating that the correlation of the fit parameters is about constant
with altitude and thus essentially determined by geometry.

Note that, although the average error correction factor is quite constant, the exact deter-
mination of the individual errors introduces especially at higher altitudes (where mea-
surement noise is larger) additional oscillations in the retrieved errors, which is a typical
problem of onion peeling methods (see also next section). This is why we prefer to use
an average error correction here.

3.2 Vertical smoothing

The retrieval is performed on a 1 km altitude grid. However, the vertical resolution
of the SCIAMACHY measurements is limited by the vertical size of the field of view
(0.045◦, corresponding to about 2.6 km at the tangent point). The size of the field of
view has been considered in the radiative transfer calculations, resulting effectively in a
vertical smoothing of reference spectra and weighting functions.

However, because there are no constraints about smoothness of the resulting profiles in
the retrieval, artificial oscillations over altitude may occur. This is a general problem of
the onion peeling approach. To account for this, the retrieved profiles (scaling factors)
are vertically smoothed using a boxcar of width 4.3 km. This value has been chosen,
because it corresponds to the approximate vertical range covered by the scan over the
sun during one integration time. Since boxcar smoothing is similar to averaging, the
error of the retrieved scaling factors is reduced after smoothing by a factor of

√
4.3.

The effect of smoothing is shown in Fig. 3.

3.3 Saturation correction

The spectral resolution of the SCIAMACHY instrument is not sufficient to resolve the
strongly varying individual absorption lines of absorbers like CH4, CO2, O2 or water
vapour. As a consequence, the measured signal is a convolution of saturated and non-
saturated lines, which results in a non-linear relationship between absorber amount and
absorption depth (usually referred to as saturation effect). This means that the weighting
function depends on the linearisation point, i.e. the reference concentration.

This effect is corrected by a so-called saturation correction function. It is derived by
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Figure 3: Example for derived scaling factors a from SCIAMACHY solar occulta-
tion. Left: CH4. Right: CO2. Red: Original fit result. Green: Vertically smoothed
data.

application of the retrieval to a set of simulated data based on scaled profiles of the
absorber which shall be corrected. The saturation correction is then defined as the ratio
of the true to the retrieved number density. The true and retrieved densities are then put
into a data base from which the actual density is derived by interpolation to the retrieved
number density at a certain altitude.

The determined correction functions are shown in Fig. 4a for CH4 and Fig. 4d for CO2.

Unfortunately, the weighting functions – and by this the retrieved CH4 and CO2 densi-
ties – depend also slightly on the actual pressure and temperature, which might differ
from the assumptions in the radiative transfer calculations.2. Therefore, additional cor-
rections are determined for CH4 and CO2 depending on the used (ECMWF) pressure
and temperature. The corrections are multiplicative factors determined in a similar way
as the saturation correction by application of the retrieval to a set of simulated data, but
now with fixed CH4 and CO2 but varying (scaled) pressure or temperature profiles (see

2Note that although the CO2 VMRs are rather constant the CO2 number densities vary with temperature
and pressure.
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Figure 4: a) Saturation correction factors for CH4. b) Pressure correction factors for
CH4. c) Temperature correction factors for CH4. d) Saturation correction factors for
CO2. e) Pressure correction factors for CO2. f) Temperature correction factors for CO2.

Fig.4b,c,e,f). There is also a data base for these correction factors; actual factors are
obtained for each altitude by interpolation to the retrieved quantity.

4 Summary of changes

4.1 Changes V4.5.2 vs. V4.1.2

With respect to version (4.1.2) of the ONPD data product, which was provided via the
ESA Greenhouse Gas Climate Change Initiative (GHG-CCI, see www.esa-ghg-cci.org)
and has been described in V2 of this document, the following changes have been applied
in the current version (V4.5.2).

• The reference altitude for the calculation of measured transmissions is now about
95 km (instead of 200 km in V4.1.2). This has no major impact on the retrieval

www.esa-ghg-cci.org
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results, but allows the additional analysis of state 47 data, which typically results
in two additional orbits per day. This especially improves the coverage of the
ONPD data set over Europe and the North Atlantic.

• The radiative transfer data base has now been computed using SCIATRAN ver-
sion 3.3 instead of SCIATRAN 3 using a solar irradiance spectrum derived from
an empirical solar line list provided by G. Toon (NASA Jet Propulsion Labora-
tory).

• The field of view integration over 0.045◦ has been calculated in a more accurate
way (increased vertical sampling).

• The radiative transfer data base has been calculated using the 1976 US Standard
Atmosphere (instead of arbitrarily chosen ECMWF data) with background strato-
spheric aerosol and a constant CO2 VMR of 380 ppmv.

• Spectral line parameters are taken from the HITRAN2012 data base Rothman
et al. [2013]. In addition, collision induced absorption has been taken into account
in the radiative transfer calculations.

• The interpolation routines have been optimised.

• An error in the calculation of errors (resulting in too high errors) has been cor-
rected.

• The CO2 correction for the retrieved CH4 is no longer performed as it is negligibly
small.

• To reduce vertical oscillations introduced by the onion peeling method the derived
CH4 and CO2 correction factors are smoothed with a boxcar of width 4.3 km
(instead of 4.1 km in V4.4.1).

• The recommended lower altitude limit of valid data is now 17 km instead of
15 km.

4.2 Changes V4.1.2 vs. V3.3.6

With respect to version (3.3.6) of the ONPD data product, which is described in Noël
et al. [2011], the following changes have been applied to V4.2.1.

• CO2 is now also considered to be a valid product. The algorithm description has
been extended accordingly.

• Tangent height corrections as derived by Bramstedt et al. [2012] have been ap-
plied.

• The selection procedure for measurement data has been optimised; especially,
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both upward and downward scans are used and the selection of data is based on
the measured signal outside the absorption bands instead of the relative position in
the scan. This increases the vertical sampling and especially improves the results
for lower tangent altitudes.

• The radiative transfer data base has now been computed using SCIATRAN ver-
sion 3 [Rozanov et al., 2013] instead of SCIATRAN 2.2 [Rozanov et al., 2005]
on a finer spectral sampling grid (0.001 nm instead of 0.005 nm). In the calcu-
lation of the radiative transfer data base (and the related correction factors) the
limited vertical resolution of measurements has been considered (i.e. a field of
view integration is performed). Essentially, this results in a vertical smearing of
the weighting functions, and by this in an increase of the estimated retrieval error.
Furthermore, background aerosol is considered in the radiative transfer calcula-
tions.

• One additional dead/bad pixel has been identified and removed from the measured
spectra.

• The interpolation of the measured spectra to the retrieval grid has been improved.

• The summation over altitude (see sum over i in eq. 1) now also considers alti-
tudes below the tangent height. These altitudes can also contribute to the mea-
sured signal because of refraction and the vertical smoothing by the instrument
instantaneous field of view.

• The spectral calibration has been improved by fitting both spectral shift and
squeeze parameters.

• Pressure and temperature profiles are not fitted in the retrieval but are taken from
ECMWF data.

• Additional a-posteriori corrections have been implemented to consider the change
of CH4 and CO2 as function of the other retrieved quantity and the assumed pres-
sure and temperature.

• Pressure and temperature profiles as used in the retrieval and for the calculation
of VMRs are now taken from ECMWF Interim data.

• An additional a-posteriori error correction (scaling of errors) is performed.

References

Bovensmann, H., J. P. Burrows, M. Buchwitz, J. Frerick, S. Noël, V. V. Rozanov, K. V.
Chance, and A. H. P. Goede, SCIAMACHY — Mission objectives and measurement



Doc.Nr.: IFE-TN-ONPD-001 13/13

modes, J. Atmos. Sci., 56(2), 127–150, 1999.

Bramstedt, K., S. Noël, H. Bovensmann, M. Gottwald, and J. P. Burrows, Precise point-
ing knowledge for SCIAMACHY solar occultation measurements, Atmos. Meas.
Tech., 5(11), 2867–2880, doi:10.5194/amt-5-2867-2012, 2012.

Coldewey-Egbers, M., M. Weber, L. N. Lamsal, R. de Beek, M. Buchwitz, and J. P.
Burrows, Total ozone retrieval from GOME UV spectral data using the weighting
function DOAS approach, Atmospheric Chemistry and Physics, 5(4), 1015–1025,
doi:10.5194/acp-5-1015-2005, 2005.

Noël, S., K. Bramstedt, M. Reuter, A. Rozanov, H. Bovensmann, and J. P. Burrows,
Retrieval of greenhouse gas profiles from SCIAMACHY solar occultation measure-
ments with Onion Peeling DOAS, in Proc. of the ‘European Space Agency Living
Planet Symposium’, Bergen, Norway, 28 June – 2 July 2010 (ESA SP-686), 2010a.

Noël, S., K. Bramstedt, A. Rozanov, H. Bovensmann, and J. P. Burrows, Water vapour
profiles from SCIAMACHY solar occultation measurements derived with an onion
peeling approach, Atmos. Meas. Tech., 3(2), 523–535, 2010b.

Noël, S., K. Bramstedt, A. Rozanov, H. Bovensmann, and J. P. Burrows, Strato-
spheric methane profiles from SCIAMACHY solar occultation measurements de-
rived with onion peeling DOAS, Atmos. Meas. Tech., 4(11), 2567–2577, doi:10.5194/
amt-4-2567-2011, 2011.

Rothman, L., et al., The HITRAN2012 molecular spectroscopic database, J. Quant.
Spectr. Rad. Transf., 130, 4–50, doi:http://dx.doi.org/10.1016/j.jqsrt.2013.07.002, HI-
TRAN2012 special issue, 2013.

Rozanov, A., V. Rozanov, M. Buchwitz, A. Kokhanovsky, and J. P. Burrows, SCIA-
TRAN 2.0 - A new radiative transfer model for geophysical applications in the 175-
2400 nm spectral region, Adv. Space Res., 36(5), 1015–1019, doi:10.1016/j.asr.2005.
03.012, 2005.

Rozanov, V. V., A. V. Rozanov, A. A. Kokhanovsky, and J. P. Burrows, Radiative transfer
through terrestrial atmosphere and ocean: Software package SCIATRAN, J. Quant.
Spectr. Rad. Transf., doi:10.1016/j.jqsrt.2013.07.004, 2013.

Russell, J. M., III, and S. R. Drayson, The inference of atmospheric ozone using satellite
horizon measurements in the 1042 cm−1 band, J. Atmos. Sci., 29(2), 376–390, 1972.


