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1 Introduction

This document describes the Onion Peeling DOAS (Differential Optical Absorption
Spectroscopy) (in short ONPD) algorithm V3.3.6 (see Noël et al. [2011]) 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 algo-
rithm is used to derive stratospheric methane number densities and in a second step also
volume mixing ratios (VMRs). Therefore, this document concentrates on the retrieval
of CH4, 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]).

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≥j

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.
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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).

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 :=
∂ ln(Ij/I0)

∂ci,k

∣∣∣∣
ci,k,ref

(2)

αij,k is determined by radiative transfer calculations using SCIATRAN 2.2 in transmis-
sion mode [Rozanov et al., 2005]. A main advantage of the weighting 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 polynominal 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 spectral shift to
account for uncertainties in the spectral calibration.

The finally retrieved value for cj,k (e.g. the number density of the absorber k at altitude
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
retrieval, the fit window is 1559–1671 nm, and the considered quantities are CH4, CO2

and temperature.

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.
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Figure 1: SCIAMACHY solar occultation measurement. Blue: Tan-
gent points of scan. Yellow: Geometrical sun. Orange: Refracted sun.

The retrieval altitude grid reaches from 0 to 50 km in 1 km steps. The retrieval is
performed for all altitudes between 15 and 50 km, but for methane useful results are
only achieved between 20 and 40 km due to tropospheric effects (e.g. refraction at
lower altitudes) and too much noise (at higher altitudes).

Before the retrieval the (logarithms of the) SCIAMACHY measured spectra are (lin-
early) interpolated to the retrieval grid; this interpolation is required by the onion peeling
method.

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,
namely only upward scans and four readouts close to the solar centre. The transmission
is computed for tangent altitudes below 60 km by division of the spectrum obtained at a
certain tangent height to a corresponding spectrum measured at around 200 km tangent
height, considering matching relative positions on the sun.

Fig. 2 shows an example for a CH4 fit at 24 km and the corresponding residual.

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 CH4 fit at 24 km tangent altitude. Top: Spec-
tra. Bottom: Residual (from Noël et al. [2011]).

After the retrieval, some additional corrections are applied which are described in sec-
tion 3. Finally, VMRs are derived from retrieved number densities using pressure and
temperature information obtained from collocated ECMWF data.

3 Corrections

3.1 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 vertical range seen
by SCIAMACHY during one measurement is furthermore extended by the vertical scan
(adding about 2.4 km during one readout) and the movement of the rising sun (about
0.4 km during one readout). During upward scan, all these contributions add up to a
total vertical range of about 4.1 km. To consider this, the retrieved profiles are vertically
smoothed using a boxcar of width 4.1 km. This not only takes into account the actual
vertical resolution of the measurement but also removes artificial oscillations in the
retrieved profiles. The effect of smoothing is shown in Fig. 3.
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Figure 3: Example SCIAMACHY methane profiles from solar occul-
tation measurement. Red: Original fit result. Green: Smoothed.

3.2 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 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. Furthermore, the
radiative transfer calculations used to determine the weighting functions do not consider
the limited vertical resolution of the measurements.

These effects are corrected by a so-called saturation correction function. It is derived
by 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. 4b for CO2.

Unfortunately, the saturation correction may not be a function of one absorber only. In
case of CH4 the saturation correction depends also slightly on the CO2 number density.
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Therefore, an additional CO2 correction is performed for CH4. This correction is applied
to the (saturation corrected) CH4 profiles and depends on altitude and the retrieved CO2

number density2. The CO2 correction is a multiplicative factor determined in a similar
way as the saturation correction by application of the retrieval to a set of simulated data,
but now with constant CH4 but varying (scaled) CO2 profiles (see Fig.4c). There is also
a data base for the CO2 correction factors; actual factors are obtained by interpolation.
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Figure 4: a) Saturation correction factor for methane. b) Saturation
correction factor for CO2. c) CO2 correction factor.
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