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ABSTRACT

A new retrieval method (called “Onion Peeling DOAS”)
has been developed to derive water vapour number den-
sity profiles from solar occultation measurements of the
SCanning Imaging Absorption spectroMeter for Atmo-
spheric CHartographY (SCIAMACHY). This method is
intentionally kept simple and based on a combination
of an onion peeling approach with a modified DOAS
(Differential Optical Absorption Spectroscopy) fit in the
wavelength region around 940 nm. The resulting wa-
ter vapour profiles currently cover the altitude range 15–
50 km. Here, first retrieval results and comparisons of
the SCIAMACHY profiles with water vapour data pro-
vided by the Atmospheric Chemistry Explorer Fourier
Transform Spectrometer (ACE-FTS) and model data of
the European Centre for Medium Range Weather Fore-
casts (ECMWF) are shown.

1. INTRODUCTION

Water vapour plays a key role in atmospheric chem-
istry and transport and is the most important greenhouse
gas. Most of the water vapour is located in the tropo-
sphere where it significantly contributes to weather and
climate. Although the water vapour density in the strato-
sphere is significantly lower than in the troposphere and
decreases rapidly with increasing altitude, the amount
of stratospheric water vapour plays an important role
in the generation of Polar Stratospheric Clouds (PSCs).
PSCs in turn have a strong influence on the amount of
ozone in polar regions. Variations in stratospheric wa-
ter vapour are determined by varuious processes like
methane oxidation, transport through the tropopause and
by the Brewer-Dobson circulation (see [1] and references
therein). Global long term measurements of lower strato-
spheric water vapour are required to separate these ef-
fects. These data can be provided by satellite measure-
ments.

In this paper we present a new method to derive strato-
spheric water vapour profiles from solar occultation mea-
surements performed by the SCanning Imaging Ab-
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Figure 1. Schematic view of the onion peeling method.

sorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) [2] on ENVISAT.

2. ONION PEELING DOAS

The retrieval method used here is based on a combina-
tion of an onion peeling approach (see e.g. [3]) with
a DOAS (Differential Optical Absorption Spectroscopy,
see e.g. [4, 5]) fit. Therefore we call our method ‘Onion
Peeling DOAS’.

In solar occultation mode, the sun is observed directly
through the atmosphere. For the retrieval, the atmosphere
is divided intoNlayer horizontal layers. The absorption of
light along a line of sight j may then be written as the sum
of the absorptions of the individual altitude layers i ≥ j
(see Fig. 1):

ln
Ij(λ)
I0(λ)

= Pj(λ)−
Nlayer∑
i=j

τij(λ) (1)

I0 is the unattenuated solar intensity, derived from mea-
surements at high tangent altitudes (larger than 100 km),
where the influence of the atmosphere is negligible. τij
denotes the optical depth of water vapour resulting from
absorption in a layer i for an instrument looking at tan-
gent altitude j. Ij is the measured spectrum when looking
through the atmosphere, thus Ij/I0 is the corresponding
transmission. Pj describes a low (in our case 2nd) or-
der polynomial by which all broadband spectral features
(arising e.g. from Mie or Rayleigh scattering) are taken
into account (as common in most DOAS approaches). All
quantities are a function of wavelength λ.
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The partial optical depths τij depend on the water vapour
densities ni in each layer. In the optically thin case, the
optical depth is proportional to the number density. The
relation between a modelled optical depth τ ref

ij and a real
(measured) one τij is then given by:

ai :=
ni

nref
i

=
τij
τ ref
ij

(2)

where ai is a wavelength independent scale factor.

This linear relation does not hold if saturated and non-
saturated absorption lines are not resolved by the mea-
suring instrument, which is the case for the water vapour
lines measured by SCIAMACHY. To account for this, an
additional saturation correction factor csat,i is introduced
which is wavelength independent and a function of (only)
ni and altitude. Taking furthermore into account that in
the spectral range used in the retrieval (928 nm to 968 nm)
not only water vapour but also ozone (O3) absorbs leads
to the following basic formula for the retrieval:

ln
Ij(λ)
I0(λ)

= Pj(λ) −
Nlayer∑
i=j

τ ref
ij (λ) csat,i(ni) ai

−
Nlayer∑
i=j

τO3,ref
ij (λ) bi (3)

The reference optical depths τ ref
ij and τO3,ref

ij for water
vapour and ozone, respectively, and the saturation cor-
rection factors csat,i are derived using the radiative trans-
fer model SCIATRAN, Version 2.2 in transmission mode
[6]. The determined correction factor csat,i is only an ap-
proximation because of the coupling between saturation
and retrieved density, which currently limits the precision
of the retrieval to about 10% (at lower altitudes).

The retrieval starts at the top layer and then propagates
downwards, taking into account the results of the upper
layers. In each layer a DOAS-like fit according to Eq. 3
to the measured transmission Ij(λ)/I0(λ) is performed.
The fitted quantities are the coefficients of the polynomial
Pj , the scaling factor for water vapour densities aj and
the scaling factor for ozone bj . The water vapour density
at altitude j is then given by:

nj = nref
j aj (4)

Note that in each fit only the scaling factors for the spe-
cific tangent altitude j need to be determined as those for
the upper layers have been derived in previous steps.

3. APPLICATION TO SCIAMACHY

SCIAMACHY performs solar occultation measurements
once per orbit in Northern latitudes. A solar occultation
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Figure 2. Typical tangent heights of SCIAMACHY
measurements during solar occultation. Only readouts
marked red are used in the retrieval. Reference spec-
tra are derived from measurements with tangent heights
around 200 km.

measurement consists of vertical scans over the sun while
following the rising sun (see Fig. 2). Different scan strate-
gies are used above about 100 km; the most frequent scan
strategy is to continue the scans over the sun until about
300 km altitude. Measurements of this type (so-called
‘state 49’ data) are analysed here. Only measurements
taken during upward scans and readouts close to the solar
centre for tangent altitudes below 60 km are taken into
account (marked red in Fig. 2). These transmission data
are then ratioed to spectra taken in about 200 km alti-
tude, matching readouts with same relative positions on
the sun.

The fit interval for the retrieval is 928 to 968 nm, located
in SCIAMACHY channel 5. The altitude grid of the re-
trieval reaches from 0 to 50 km, with 1 km steps; how-
ever, only useful results are obtained above 15 km due
to tropospheric effects not considered in the retrieval (re-
fraction, clouds, etc.). The method requires the SCIA-
MACHY spectra to be interpolated to the retrieval grid
before the retrieval. The retrieved profiles are smoothed
with the SCIAMACHY vertical field of view (2.6 km



boxcar) after the retrieval to take into account the lim-
ited vertical resolution of the original measurement. This
also removes small artificial oscillations in the retrieved
number densities.

4. FIRST RESULTS

As an example, Fig. 3 shows the results of the Onion
Peeling DOAS retrieval when applied to a SCIAMACHY
occultation measurement performed on 10 November
2005. In Fig. 3a the measured spectrum at a tangent
height of 50 km is displayed together with the fit re-
sult. The bottom part of the sub-figure shows the cor-
responding residual. As can be seen from Fig. 3a, al-
though the measured spectrum is noisy, the fit is success-
ful. In Fig. 3b the same quantities are shown for a tan-
gent altitude of 20 km. Here, the signal is much higher
and the residual smaller. The complete water vapour pro-
file derived for this measurement is given in sub-figure
c). The retrieval results without vertical smoothing (blue
line) show some small oscillations especially at higher al-
titudes. These are almost vanished in the smoothed data
(red error bars). For illustration, the data have been inter-
polated to the original measurement data grid, shown as
green dots.

To investigate the long-term behaviour of the results, the
Onion Peeling DOAS retrieval has been applied to the
complete set of SCIAMACHY data from August 2002 to
December 2007. Fig. 4 shows a time series of daily av-
eraged SCIAMACHY water vapour profiles derived this
way. In the top of the figure the latitudinal distribution
of the data is depicted, showing that SCIAMACHY oc-
cultation measurements are restricted to Northern mid-
latitudes between about 50◦ and 70◦. The latitudinal vari-
ation is the same for each year, which is due to the sun-
fixed ENVISAT orbit. In the lower part of the figure the
average tropopause height (defined as temperature mini-
mum) is shown. The tropopause height has been derived
from collocated temperature profiles from the European
Centre for Medium Range Weather Forecasts (ECMWF).
As can be seen from Fig. 4a, there is – as expected –
a smooth and continuous decrease of the water vapour
number densities when going to higher altitude. The sea-
sonal variation is related to the variation of the tropopause
heights and/or tangent latitudes; this can not clearly be
separated because both are coupled. Fig. 4b shows the
same data set, but converted into volume mixing ratios
(VMRs) by use of collocated ECMWF temperature and
pressure data. The VMR profiles are somewhat noisier
than the number density profiles, possibly because pres-
sure and temperature are taken from a different data set.
However, the VMRs show a similar seasonal variation as
the number densities. Minimum VMRs of about 3 ppmv
are reached in summer below 20 km. Maximum VMR
values of about 8 ppmv occur between 40 and 50 km.
Note that extremely high values and some structures seen
in the VMRs at the highest altitudes are artefacts caused
by the vertical smoothing.

Figure 3. Example fit results for a SCIAMACHY occul-
tation measurement on 10 November 2005. a) Measured
signal and fit (top) and corresponding residual (bottom)
for 50 km tangent altitude. b) Same for 20 km tangent
altitude. c) Resulting water vapour profile from SCIA-
MACHY data (smoothed, un-smoothed, and interpolated
to the measurement altitude grid).

5. PRELIMINARY VALIDATION

The derived SCIAMACHY water vapour profiles have
been compared with 400 collocated profiles from the
European Centre for Medium Range Weather Forecasts
(ECMWF) and from the Atmospheric Chemistry Experi-
ment Fourier Transform Spectrometer (ACE-FTS) on the
Canadian SCISAT-1 satellite which was launched in Au-



Figure 4. Daily averaged water vapour profiles derived from SCIAMACHY occultation measurements with the Onion
Peeling DOAS method (2002–2007). a) Number density profiles. The latitudinal range of the SCIAMACHY measurements
is indicated on top of figure. The black curve in the lower part shows the average tropopause height, derived from
collocated ECMWF data. Periods of reduced SCIAMACHY data quality (due to instrument switch-offs or decontamination
periods) have been masked out (vertical grey bars). b) Same plot for volume mixing ratio (VMR) profiles.

gust 2003 [7]. The results of this first validation activity
are shown in Fig. 5.

As can be seen from Fig. 5a, between 20 and 45 km
the SCIAMACHY data are on average about 5% higher



Figure 5. Results of comparison between 400 col-
located SCIAMACHY, ACE-FTS and ECMWF water
vapour profiles. a) Mean and standard deviation of rel-
ative deviations between ACE-FTS and SCIAMACHY.
b) Mean and standard deviation of relative deviations
between ECMWF and SCIAMACHY. c) Correlation be-
tween SCIAMACHY and ACE-FTS (blue) and ECMWF
(green) data.

than the ACE-FTS values. At lowest and highest al-
titudes the differences are somewhat larger (up to 10–
20%). The standard deviation of the mean relative dif-
ferences is only about 5%. This is a good result, noting
that comparisons of the ACE-FTS water vapour profiles
with data from several space-borne, balloon-borne and
ground-based sensors [8] revealed an agreement within

about 5–10% in the stratosphere (15 to 70 km).

The ECMWF water vapour densities are systematically
larger than both the SCIAMACHY and ACE-FTS results
(see Fig. 5b). Depending on altitude, the deviations to
SCIAMACHY are about 15–35%. Especially at higher
altitudes (above 30 km) the correlation between the data
sets is quite good (see Fig. 5c). This indicates that the
atmospheric variability can be followed by the SCIA-
MACHY data.

6. CONCLUSIONS

First results for SCIAMACHY water vapour profiles us-
ing the ‘Onion Peeling DOAS’ approach look promising.
Reasonable results are obtained between about 15 and
45 km. The estimated precision of the retrieval method
is about 10%. The derived SCIAMACHY water vapour
columns agree with ACE-FTS data within about 5% be-
tween 20 and 45 km, with SCIAMACHY data being typi-
cally larger. ECMWF model data are on average 15-35%
lower than the SCIAMACHY data. Especially at higher
altitudes the atmospheric variability can be reproduced
by the SCIAMACHY data, as also time series of SCIA-
MACHY number densities and derived VMRs show.
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