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Abstract. Total O3 columns have been retrieved from six
years of SCIAMACHY nadir UV radiance measurements us-
ing SDOAS, an adaptation of the GDOAS algorithm previ-
ously developed at BIRA-IASB for the GOME instrument.
GDOAS and SDOAS have been implemented by the Ger-
man Aerospace Center (DLR) in the version 4 of the GOME
Data Processor (GDP) and in version 3 of the SCIAMACHY
Ground Processor (SGP), respectively. The processors are
being run at the DLR processing centre on behalf of the Eu-
ropean Space Agency (ESA). We first focus on the descrip-
tion of the SDOAS algorithm with particular attention to the
impact of uncertainties on the reference O3 absorption cross-
sections. Second, the resulting SCIAMACHY total ozone
data set is globally evaluated through large-scale compar-
isons with results from GOME and OMI as well as with
ground-based correlative measurements. The various total
ozone data sets are found to agree within 2% on average.
However, a negative trend of 0.2–0.4%/year has been iden-
tified in the SCIAMACHY O3 columns; this probably origi-
nates from instrumental degradation effects that have not yet
been fully characterized.

1 Introduction

The state of the ozone layer must be monitored on a long-
term basis in order to verify its recovery, which is expected
to occur in the next decades as a consequence of the Mon-
treal Protocol and its Amendments phasing out ozone de-
pleting substances (Bodeker et al., 2007). Furthermore, the
analysis of the O3 temporal and spatial variabilities is of ma-
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jor importance to improve our understanding of the inter-
actions between ozone, radiation and climate in a changing
atmosphere.

UV-visible nadir-viewing spectrometers operating on
satellite platforms are key components of the Earth’s at-
mosphere observing system. The ESA’s Global Ozone
Monitoring Experiment (GOME) (Burrows et al., 1999a)
was launched in April 1995 on the ERS-2 satellite. Al-
though still in operation, GOME has lost the ability to pro-
vide global coverage as of June 2003 due to a failure of
the tape storage system on ERS-2. Launched in March
2002 aboard the European platform ENVISAT, the SCanning
Imaging Absorption spectroMeter for Atmospheric Cartog-
rapHY (SCIAMACHY) (Bovensmann et al., 1999) has been
operational for more than six years and provides global cov-
erage in approximately six days. This instrument alternates
between nadir- and limb-viewing modes, respectively for
column and stratospheric profile observations. Since August
2004, the GOME and SCIAMACHY instruments have been
joined by the Ozone Monitoring Instrument (OMI) (Lev-
elt et al., 2006), a nadir sounder of higher spatial resolu-
tion launched on the NASA platform EOS-AURA. Finally,
GOME-2 (Munro et al., 2006) was launched in October 2006
on board the METOP satellite, as the first of a series of three
identical instruments.

Through their combination, these instruments offer the po-
tential for an assessment of the global total ozone evolution
over more than a decade (Loyola et al., 2009). However, this
effort requires a careful assessment of the consistency be-
tween the different total O3 column data sets. One way to
minimize possible discrepancies between instruments is to
standardize the retrieval algorithms. The GDOAS algorithm
was developed specifically for GOME at the Belgian Insti-
tute for Space Aeronomy (BIRA-IASB) during 2003 under
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ESA/ESRIN funding. This algorithm was selected for imple-
mentation in version 4 of the GOME data processor (GDP),
and more recently for operational processing of GOME-2 on
METOP. Here we report on the adaptation of GDOAS to the
SCIAMACHY instrument – hereafter named SDOAS to eas-
ily distinguish it from the GOME version – and its imple-
mentation into the SCIAMACHY Ground Processor (SGP)
version 3.0 as part of the standardization of all total ozone
retrievals from ESA UV nadir sounders.

In Sect. 2, we give a short description of the main charac-
teristics of the SDOAS algorithm. Section 3 presents a com-
parative analysis of the available O3 cross-section data sets,
while Sect. 4 concentrates on the evaluation of the resulting
SCIAMACHY O3 columns, based on comparisons with cor-
relative satellite and ground-based data sets. Conclusions are
drawn in Sect. 5.

2 Algorithm description

The main characteristics of the SCIAMACHY Differential
Optical Absorption Spectroscopy (SDOAS) algorithm are
summarized in this section. More details can also be found in
Van Roozendael et al. (2006). SDOAS is based on a two-step
approach to derive total ozone columns from SCIAMACHY
nadir earthshine radiance measurements. The effective ozone
slant column density (SCD) is first derived using the Differ-
ential Optical Absorption Spectroscopy (DOAS) technique
(Platt, 1994; Platt and Stutz, 2008). This is followed by a
conversion to vertical column density (VCD) using calcu-
lated air mass factors (AMFs).

2.1 DOAS fitting

The model used in the DOAS fitting is based on the Beer-
Lambert extinction law for trace gas absorbers and can be
written as

Y (λ) ≡ ln

[
Iλ(2)

I0
λ (2)

]
= −

∑
g Eg(2)σg(λ)

−

3∑
j=0

αj (λ − λ∗)j − αRσR(λ), (1)

whereIλ andI0
λ are the earthshine radiance and the solar ir-

radiance at wavelengthλ respectively,Eg(2) is the effective
slant column density of gasg along geometrical path2, and
σg(λ) is the trace gas absorption differential cross-section.
The second term, a closure polynomial centered at the ref-
erence wavelengthλ∗, is used to filter out broadband effects
such as molecular scattering, aerosol scattering and absorp-
tion and reflection from the Earth’s surface. The last term
represents the Ring reference spectrumσR(λ) scaled by the
parameterαR. The DOAS retrieval consists in a minimiza-
tion of the weighted least squares difference between mea-
sured and simulated optical densitiesY (λ) for points within
the fitting window (325–335 nm for O3).

SCIAMACHY has diffusers mounted on the backside of
both elevation (ESM) and azimuth scan modules (ASM). The
solar irradiance is measured daily in two consecutive orbits at
sunrise, using the ESM diffuser in the first orbit and the ASM
diffuser in the second orbit. As a baseline, SDOAS uses the
most recent update of the calibrated sun spectrum measured
using the ESM diffuser. The wavelength calibration of this
spectrum is further improved using a cross-correlation pro-
cedure involving a high-resolution reference solar line atlas
provided by Chance and Spurr (1997). The resulting cal-
ibrated irradiance wavelength grid is the reference grid on
which all cross-sections used in the DOAS fitting are inter-
polated. In the DOAS procedure, allowance is made for a
wavelength shift to be applied to the wavelength grid of the
earthshine spectrum, so that the spectrum itself can be resam-
pled on the reference irradiance wavelength grid.

The adjusted Ring spectrum (Chance and Spurr, 1997)
considers only the Fraunhofer filling-in contribution. A fur-
ther correction for the molecular Ring effect is applied after
the DOAS fit. This is done through application of a scal-
ing factor depending on the O3 AMF (see Sect. 2.2.1 for de-
tails). In the DOAS fitting, eight auxiliary parameters are
simultaneously fitted in addition to the O3 SCD. These are:
an effective temperature for the O3 absorption (derived from
the adjustment of O3 cross-sections at two different temper-
atures), a NO2 SCD, a scaling factor for the Fraunhofer Ring
effect correction, four polynomial closure parameters, and a
wavelength shift parameter for the earthshine spectrum re-
sampling.

2.2 SCD to VCD conversion

The O3 vertical column densityV can be derived from the
O3 SCDEO3 via the relation:

V =

EO3
MR

+ 8GAcloud

(1 − 8)Aclear+ 8Acloud
, (2)

whereMR is a molecular Ring correction scale factor,Aclear
andAcloud are the AMFs calculated for the atmosphere down
to the ground and to the cloud top level respectively. The
so-called “Ghost column”G is the quantity of ozone below
the cloud top height, and8 is the intensity-weighted cloud
fraction. The computation ofAcloud, G and8 requires addi-
tional cloud property information, namely, the cloud fraction,
the cloud top height and the cloud top albedo of the observed
scenes. These are provided by dedicated cloud algorithms
(cf. Sect. 2.2.3).

In practice, the above equation for the VCD is applied it-
eratively. A column-classified ozone profile climatology is
used to provide a unique link between the value ofV and
the profile to be used in the radiative transfer AMF simula-
tions. We start from an initial guessV0 taken from a zonal
monthly averaged total ozone climatology provided with the
O3 profile climatology TOMS v8 (Bhartia, 2002). AMFs, in-
tensities, the ghost column and molecular Ring scaling are
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computed based on the choiceV0, and Eq. (2) is then used to
generate a new VCD estimateV1. This process is repeated
until the relative difference between VCD iterations is less
than a small number. This iteration procedure was first used
in GDP 3.0; for more details see Spurr et al. (2005).

2.2.1 Molecular Ring correction

As already mentioned, the Ring spectrum adjustment in the
DOAS fitting corrects only for the filling-in of Fraunhofer
absorption solar lines due to inelastic rotational Raman scat-
tering (RRS) by air molecules. In addition to this effect,
RRS also causes filling-in of atmospheric absorption fea-
tures. This “telluric” or molecular Ring effect is particularly
important for ozone in the UV, and it must be considered for
precise total O3 retrievals. It was shown by Van Roozendael
et al. (2002) and Coldewey-Egbers et al. (2005) that neglect
of the molecular Ring effect results in a systematic under-
estimation of ozone columns by up to 10%. As the bulk of
the O3 column is located in the stratosphere and upper tro-
posphere, a simple yet accurate molecular Ring correction,
presented in detail by Van Roozendael et al. (2006), can be
obtained by dividing the O3 SCD by a scale factorMR cal-
culated according to the following relation:

MR = 1 + αRσR

(
1 −

sec(θ0)

(1 − 8)Aclear+ 8Acloud

)
, (3)

whereαR is the fractional intensity of Raman light obtained
from the DOAS fitting procedure,σR is the average Ring
cross-section calculated over the spectral fitting interval,θ0
is the solar zenith angle,8 is the intensity-weighted cloud
fraction andAclear andAcloud are the AMFs for the clear and
cloudy parts of the pixel, calculated as explained in the next
sub-section.

2.2.2 AMF computation

The AMF calculation is based on the relation

A =
ln(Inog/Ig)

τvert
, (4)

where τvert is the vertical optical thickness of ozone and
Ig and Inog are the simulated backscatter radiances with
and without ozone in the atmosphere, respectively. Simu-
lated radiances are obtained “on-the-fly” using version 2.5+
of the multiple scattering discrete ordinate radiative trans-
fer model LIDORT. This version uses the pseudo-spherical
approximation and applies an additional correction to ac-
count for the sphericity of the atmosphere along the line
of sight (Spurr, 2004). The radiances are simulated at
325.5 nm; the choice of this wavelength was discussed in
Van Roozendael et al. (2002).

In order to account for the scan angle change across a mea-
sured pixel, the total radiance is constructed as a weighted
sum of radiances simulated for different viewing geometries

across the scan. For GOME, a two-point Gauss-Legendre in-
tegration has been used for this sum. For SCIAMACHY, a
parabolic weighting is applied to results based on the three
geometries specified in the level 1 product (start, mid-point
and end of the pixel; contributions are weighted according
to the ratios 1:4:1). SCIAMACHY pixels are much smaller
than those for GOME, and this simple geometry weighting
procedure was found to be precise enough for the present
work.

2.2.3 Data bases

To simulate the radiances reaching the top of the atmosphere,
LIDORT requires optical properties to be prescribed for each
layer of the atmosphere. These optical properties are ob-
tained from the following input data bases:

– O3 vertical distributions: we use the O3 column-
classified TOMS version 8 climatology (Bhartia, 2002),
which provides O3 partial columns in 11 discrete pres-
sure layers.

– The temperature profiles supplied with the TOMS v8
climatology.

– The temperature-dependent O3 cross-sections measured
by Bogumil et al. (2003) (see next section).

– The ETOP05 topographic database (available at http://
www.ngdc.noaa.gov/mgg/global/seltopo.html).

– For the surface albedo, the TOMS Lambertian equiv-
alent reflectivity (LER) data at 380 nm (Herman and
Celarier, 1997) are adjusted to values at 335 nm using
the wavelength dependency of the GOME LER data
(Koelemeijer et al., 2003) at 335 and 380 nm, as pro-
posed by Boersma et al. (2004).

– The SDOAS algorithm ingests cloud parameters (cloud
fraction, cloud top pressure and cloud-top albedo). The
latter two are required for a LIDORT calculation to
cloud-top.

The cloud properties deserve special consideration. In
the prototypealgorithm, the three cloud parameters were
compiled off-line by running the FRESCO+ cloud algorithm
(Koelemeijer et al., 2001; Wang et al., 2008). In FRESCO+,
the cloud-top albedo is assumed to be 0.8, and the other two
parameters are fitted using reflectances in and around the
O2A band. For high surface albedo scenes (albedo>0.2),
FRESCO+ switches to a snow/ice mode in which the cloud
fraction is set to 1 and an effective cloud top albedo and the
cloud top pressure are retrieved instead. In theoperational
algorithm, the geometrical cloud fraction is retrieved using
the OCRA algorithm (Loyola, 2000, 2004), while the cloud
top height (pressure) and cloud top albedo are derived using
the SACURA algorithm (Kokhanovsky et al., 2005, 2008).
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Fig. 1. Mean scale factors (upper panel) and shifts (lower panel) to
be applied to the different O3 cross-section sets to match the DM
data for temperatures ranging between 210 and 260 K.

3 O3 absorption cross-sections

The accuracy of total ozone retrievals relies heavily on the
quality of the O3 absorption cross-sections. We have inter-
compared four different data sets available from the litera-
ture: the GOME flight model data (GFM) (Burrows et al.,
1999b), the SCIAMACHY flight model data (SFM) (Bogu-
mil et al., 2003), the high-resolution Bass and Paur data (BP)
(Bass and Paur, 1985; Paur and Bass, 1985) and the high-
resolution Daumont and Malicet data (DM) (Daumont et al.,
1992; Brion et al., 1993; Malicet et al., 1995). These ref-
erence cross-sections are given at different temperatures and
spectral resolutions. For example, the resolutions at 330 nm
are 0.17 nm for the GFM, 0.22 nm for the SFM, 0.05 nm for
the BP data and 0.01 nm for the DM cross-sections. With
the exception of the SFM data (which was measured by
SCIAMACHY itself), the other cross-section data sets must
be degraded to the SCIAMACHY spectral resolution using
effective instrumental lineshapes derived according to Van
Roozendael et al. (2002).

3.1 Intercomparisons of the data sets

To allow comparison of the various O3 cross-section
data sets, a quadratic parameterization of their re-
spective temperature dependencies has been performed.

Following Liu et al. (2007), the DM cross-sections at 273 K
were not used in this analysis, as they are affected by a sys-
tematic bias.

Figure 1 shows the mean scale factors and relative shifts
applied to the different cross-sections for 6 temperatures
ranging from 210 K to 260 K; this has been done in order
to match the DM data in the spectral window 320–340 nm.
These two parameters have been simultaneously retrieved
using a least-squares fitting procedure. The shifts derived
for the SFM and GFM data are close to−0.01 nm and
−0.017 nm respectively, while those derived for the BP data
range between−0.029 nm and−0.023 nm, depending on the
temperature. The amplitudes of the BP and DM differential
cross-sections agree within 1%, while the amplitude of the
GFM data is from 1.7% to 3.7% larger and that of the SFM
cross-sections is about 3.0% smaller. For effective tempera-
tures commonly observed in the atmosphere, the scale factor
between the SFM and GFM data is about 5%.

3.2 Wavelength registration

To optimize the relative alignment between O3 cross-sections
and measured absorption spectra, a pre-shift value gener-
ally must be applied to compensate small inaccuracies in the
wavelength calibration of the reference data. In this work,
the pre-shift values are determined by adjustment within the
DOAS procedure as part of a series of test retrievals. The
retrieved pre-shift value is closely linked to the wavelength
registration of the irradiance spectrum and is therefore de-
pendent on the wavelength calibration scheme.

Figure 2 shows the mean pre-shifts (averaged over all pix-
els with solar zenith angle (SZA) less than 60◦) retrieved
from the DOAS procedure using the SFM data for 60 or-
bits in 2003 equally distributed over the seasons. As can be
seen, they are strongly dependent on the applied wavelength
calibration procedure. Since the impact of a pre-shift error
on the ozone column is important (about 2.5% per 0.01 nm
shift error), it is necessary to use a pre-shift properly adapted
to the wavelength calibration scheme. The black symbols
in Fig. 2 represent the pre-shifts derived using the original
wavelength grid provided with level-1 data product. These
values varying strongly from an orbit to another, it is clear
that the default level-1 wavelength calibration is not stable
enough, and that a fine-tuning of the wavelength registra-
tion is therefore required. In practice, this is performed by
shifting the wavelength grid of the irradiance spectrum in the
fitting interval (325.0–335.0 nm) until Fraunhofer lines are
closely aligned with a reference atlas of solar lines (Chance
and Spurr, 1997). This procedure, which is used as base-
line for the total O3 retrievals, leads to an optimal mean
pre-shift of +0.020 nm for the SFM cross-sections (Fig. 2 –
red symbols). A more complex wavelength calibration pro-
cedure based on the shift of the wavelength grid in 4 con-
secutive micro-windows between 320 and 360 nm leads to
a pre-shift of∼+0.008 nm (Fig. 2 – green symbols). The
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Fig. 2. SFM O3 cross-section pre-shift values determined from fits
to a representative data set of 60 SCIAMACHY orbits, consider-
ing the impact of applying different wavelength calibration schemes
(see text for a comprehensive description of the symbols). The pre-
shift values are directly linked to the calibration procedure and an
inappropriate pre-shift may lead to important errors on the total O3
columns.

optimal mean pre-shifts derived using the simple wavelength
calibration procedure for the other cross-section data sets are
+0.011 nm, +0.028 nm and +0.035 nm for DM, GFM and
BP, respectively. These values are consistent with the rel-
ative shift values displayed on Fig. 1 and also with the di-
rect comparison of the GFM and SFM data sets realized by
Weber et al. (2007). For total ozone column retrievals from
GOME spectra, the GOME data processor (GDP) version 4
uses the GFM cross-sections with a pre-shift of +0.016 nm
(Van Roozendael et al., 2006). The difference with the pre-
shift value determined in this work for SCIAMACHY proba-
bly originates from uncertainties on the absolute wavelength
calibration of both instruments, possibly also related to the
known asymmetry of the GOME slit function in the 325–
335 nm region (Van Roozendael et al., 2002).

3.3 SDOAS fitting performance

Residuals from the DOAS fits have been examined for each
reference O3 cross-section data set in order to test their
quality. The respective root mean square (RMS) resid-
ual errors averaged over all pixels with SZA≤50◦ from the
aforementioned 60-orbit set are 2.523×10−3, 2.208×10−3,
2.225×10−3 and 2.137×10−3 for the BP, DM, GFM and
SFM data sets, respectively. A significantly larger RMS
value is obtained with BP cross-sections in comparison to
the values from the other data sets, which is in agreement
with Liu et al. (2007) where it is shown that the BP data are
much noisier. The lowest RMS are obtained using the SFM
cross-sections.

Fig. 3. Comparison of the total O3 columns derived from SCIA-
MACHY and GOME using the G/SDOAS algorithm for 20 co-
located orbits between January and April 2003. The comparisons
are shown for the O3 columns derived using the flight model cross-
sections or the Bass and Paur data.

Based on these results, the SFM O3 cross-sections at 223 K
and 243 K have been selected as reference data for ozone
retrievals from SCIAMACHY. Using cross-sections at two
temperatures enables us to retrieve an effective temperature
in the DOAS procedure and to take the temperature depen-
dence of the ozone absorption into account (Richter and Bur-
rows (2002), Spurr et al. (2005)). Given the amplitude dif-
ference between the GFM (used as a baseline in GDP v4)
and SFM data (see Sect. 3.1), a positive scale factor of +5%
should be applied to SFM data in order to ensure consistency
between the total O3 columns derived from SCIAMACHY
and GOME measurements.

Figure 3 compares total O3 columns retrieved from SCIA-
MACHY using the SFM cross-sections (scaled by +5%) to
coincident GOME O3 columns derived using the GFM data
for a sample of 20 orbits distributed between January and
April 2003. A residual bias of−2% is clearly visible. How-
ever, this bias does not originate from the cross-sections. In-
deed, a similar bias is found when the BP data, previously
convolved to respective instrument resolutions, is used in the
retrievals. Despite efforts made to identify the origin of this
bias and its possible link with calibration issues (level 0–1
processing), no satisfying explanation could be found so far.
Nevertheless, to improve consistency between GOME and
SCIAMACHY total O3 columns, it was decided to reduce
the scale factor applied to the SFM data from 5% to 3%. The
SCIAMACHY bias and its time-depencence are further ad-
dressed in Sect. 4.

www.atmos-meas-tech.net/2/87/2009/ Atmos. Meas. Tech., 2, 87–98, 2009



92 C. Lerot et al.: SCIAMACHY total O3 columns

Fig. 4. Relative differences between the total O3 columns re-
trieved from the SCIAMACHY Ground Processor v3.01 and from
the GOME instrument with GDP 4.1 versus latitude and time. The
differences after June 03 should be carefully considered due to the
loss of the global coverage of the GOME instrument. Top panel:
differences for all pixels; lower panel: differences for cloud free
pixels (cloud fraction<0.2).

4 Evaluation of SCIAMACHY total ozone data set

Version 3 of the SCIAMACHY offline processor (SGP) rep-
resents a major upgrade (von Bargen et al., 2007). With
a requirement to have an uninterrupted and fully consis-
tent record of ozone data combining the GOME and SCIA-
MACHY measurements, one of the main goals of this SGP
upgrade has been the incorporation of the SDOAS algorithm.
In this version, measured radiances (Level 1b data v6) are
first calibrated using the same algorithms as those imple-
mented in the SciaL1C tool (Lichtenberg et al., 2006; Sli-

jkhuis, 2005; Frerick and von Bargen, 2007). As noted in
Sect. 2, the operational algorithm uses the OCRA/SACURA
algorithm combination to derive cloud information.

In the present work, the SCIAMACHY SGP v.3.01 total
O3 data product released in early 2008 has been evaluated
using correlative satellite and ground-based data.

4.1 Comparison with GOME O3 measurements

Due to the ERS-2 tape storage failure in June 2003, a global
comparison of GOME and SCIAMACHY is only possible
from July 2002 to June 2003. Later comparisons are based on
limited regions in the Northern Hemisphere and, to a lesser
extent, the Southern Hemisphere. Here, we use the GOME
GDP 4.1 data product.

To obtain coincident data sets, daily maps at the resolution
of 1.0◦

×1.0◦ in latitude-longitude are produced by applying
a spatial regridding to each product. Thus, O3 columns can
easily be compared on a daily basis. In order to study pos-
sible dependencies, other parameters such as latitude, SZA,
O3 column can also be binned on the same latitude-longitude
grid. The temporal dependencies are deduced by examining
the evolution of the daily O3 differences.

Figure 4 (upper panel) shows the latitudinal and tempo-
ral dependencies for the relative differences between the to-
tal O3 columns derived from SGP 3.01 and GDP 4.1. De-
spite the good overall agreement (differences generally less
than 1%), systematic positive and negative differences are
present for latitudes larger than 50◦ in summer and winter,
respectively. We found that these differences are related to
the choice of cloud algorithm used in the operational envi-
ronment (OCRA/ROCINN (Loyola, 2004) for GDP4.1 and
OCRA/SACURA for SGP 3.1). Indeed, taking clear sky pix-
els alone (cloud fraction lower than 0.2), these difference pat-
terns are not observed (Fig. 4, lower panel). Moreover, most
of the large O3 differences correlate with cloud parameter
differences, as shown in Fig. 5. Positive differences are gen-
erally found when the SGP cloud top height is higher than the
GDP cloud top height, which leads to a larger ghost column
correction. On the other hand, negative differences are re-
lated to higher values of cloud-top albedo used in SGP (this
parameter has a strong impact on the air mass factor). We
have also observed that large cloud-top albedo differences
correlate with notable O3 differences only for pixels with
similar values of cloud fraction. Conversely, many pixels
with large (positive) cloud-top albedo differences also pos-
sess large (negative) cloud fraction differences; this compen-
satory effect limits the impact on the ozone column.

Further inspection of Fig. 4 reveals that O3 column dif-
ferences are slightly larger at the beginning of the time se-
ries. This is confirmed in Fig. 6, where the temporal evo-
lution of the SGP-GDP relative differences for all latitudes
between +10◦ and +60◦ is presented. A trend in the differ-
ences (−0.40%/year) is clearly visible.
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Fig. 5. Absolute differences between the cloud parameters (cloud fraction, cloud top height and cloud top albedo) from OCRA/ROCINN in
GDP 4.1 and from OCRA/SACURA in SGP 3.01.

Fig. 6. Temporal trend of the monthly averaged relative differences
between the total O3 columns derived from SGP 3.01 and from
other instruments and/or algorithms for all measurements realized
in the latitude interval [−60◦, +60◦] ([+10◦, +60◦] for GOME).

4.2 Comparison with OMI O3 columns

The SGP total O3 columns have been compared to OMTO3
ozone columns (collection 3) derived from the OMI in-
strument with the TOMS V8.5 retrieval algorithm (Bhar-
tia, 2002). Such global comparisons are interesting since
the OMTO3 product is based on a totally different algo-
rithm. The OMTO3 data are given on a daily grid with
a 1.0◦

×1.0◦ resolution (latitude×longitude); they can be
downloaded from the website ftp://toms.gsfc.nasa.gov/pub/
omi/data/ozone/.

Figure 7 presents time series of zonally averaged total O3
relative differences. The global agreement is satisfactory
with differences generally less than 2%. However, discrep-
ancies are much larger in ozone hole conditions as well as
for extreme solar zenith angles. Moreover, the overall agree-

Fig. 7. Relative differences between the total O3 columns derived
from SGP 3.01 and from the OMI instrument with the TOMS V8.5
algorithm versus latitude and time (from August 2004 until March
2008).

ment between the two instruments significantly improves
with time. This is clearly visible in Fig. 6 where the dif-
ferences averaged for all latitudes between−60◦ and +60◦

reach +2% at the end of 2004, after which they decrease
smoothly and become very small in 2008. The trend mea-
sured in these comparisons equals to−0.49%/year. Total
ozone columns are also derived from the OMI spectra using
another algorithm based on the DOAS technique (Veefkind
et al., 2006). Recent comparisons (Kroon et al., 2008) have
shown that the differences between the OMTO3 and the
OMI-DOAS (v1.0.5; collection 3) columns, close to 0% in
October 2004, gradually become more negative and reach
about−1% in April 2008. Considering the OMI-DOAS in-
stead of the OMTO3 columns for the SGP-OMI comparisons
would consequently lead to a trend of larger amplitude.
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Fig. 8. Relative differences between the total O3 columns derived
from SCIAMACHY using SGP 3.01 or TOSOMI versus latitude
and time.

4.3 Comparison with TOSOMI O3 columns

Here, we compare the SGP O3 columns to those derived
using TOSOMI (version 0.42), a scientific SCIAMACHY
total O3 retrieval algorithm designed at KNMI (Eskes et
al., 2005). The TOSOMI total O3 columns are distributed
via the Tropospheric Emission Monitoring Internet Service
(www.temis.nl). Note that both TOSOMI and SDOAS use
the same level-1 data, so the impact of algorithmic differ-
ences can be highlighted.

In Fig. 8, the total O3 relative differences between SGP
and TOSOMI are plotted against latitude and time. The over-
all agreement is very good, the differences being generally
lower than 1% except over Northern Mid-latitudes and the
Southern Tropics, where slight annual seasonalities in the
differences are found. Also, the SGP columns are system-
atically larger than the TOSOMI columns in Northern Polar
regions during summer months.

Figure 6 shows time-series of O3 relative differences for
all pixels located in the latitude band [−60◦, +60◦]. Note that
there is almost no long-term trend. This indicates that TO-
SOMI O3 columns tend to drift with time in a similar manner
to those obtained from the SGP. Therefore, this suggests that
the trend observed in other comparisons is related to an in-
strumental problem or to inaccuracies in the calibration (level
0 to 1 processing), but not to the retrieval algorithm.

4.4 Comparison with ground-based measurements

For these comparisons, measurements from 55 ground-
based stations have been considered, among which 19 are
equipped with Brewer instruments, 29 with Dobson spec-
trometers and 7 with UV-visible spectrometers. The source

of the ground-based data is the World Ozone and Ultravi-
olet Radiation Data Centre (www.woudc.org) and the Net-
work for the Detection of Atmospheric Composition Change
(www.ndsc.ncep.noaa.gov). For each station, the nearest
SGP O3 column (within a maximum distance of 250 km) is
compared daily to the temporally closest ground-based col-
umn.

For a selection of stations sampling different latitudes,
Fig. 9 illustrates the relative differences between the SGP
3.01 O3 columns and correlative ground-based measure-
ments. For each station, a sine function with a slope param-
eter has been fitted to the time-series (red curves in Fig. 9).
The results display a systematic negative gradient bias, con-
firming the negative trend in SGP O3 columns already iden-
tified from satellite/satellite comparisons. The amplitude of
the trend ranges between−0.04% and−1.11% per year, de-
pending on the station.

The relative differences between SGP and ground-based
total O3 columns monthly averaged on all stations located in
the [−60◦, +60◦] latitude interval are shown in Fig. 6. Again,
the negative trend of the SCIAMACHY O3 columns is appar-
ent and consistent with a similar trend observed from SGP-
GDP and SGP-OMI comparisons.

4.5 Summary of comparison results

From the above comparisons, we conclude that the overall
agreement between SGP 3.01 total O3 columns and correl-
ative satellite data derived from GOME and OMI is good.
Indeed, in the [−60◦, +60◦] latitude interval, the total ozone
relative differences are less than 1% for 50% of the pixels,
less than 2% for 85% of them, and differences seldom ex-
ceed 5%. With respect to ground-based data, dispersion of
the differences is larger due to less favourable collocation of
air mass soundings, but on the whole there is no appreciable
systematic bias and 76% of the measurements agree within
5% for the complete set of ground stations used in this study.

Despite the overall good agreement, comparisons also re-
veal that the SCIAMACHY total O3 columns suffer from
a small but significant decreasing trend, ranging between
−0.21 and−0.49%/year. This time dependent bias must
be connected to the bias already identified in Sect. 3. Since
the TOSOMI data (based on the same level-1 files) is char-
acterized by a similar trend, one suspects problems related
to instrument degradation and/or to level–0 to 1 processing.
Possible time-dependent inaccuracies in the radiometric cal-
ibration procedure (leading to intensity offsets in the spectra)
could be responsible for such a trend in the ozone columns.
Indeed, the method is sensitive to additive errors and to
wavelength-dependent multiplicative errors in this proce-
dure. The next version of the SGP operational algorithm
will have improved corrections for the radiometric degra-
dation of SCIAMACHY based on the so-called “m-factors”
(Bramstedt, 2008). The hope is that this may improve the
temporal stability of the SCIAMACHY O3 columns.
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Fig. 9. Time series of the relative differences between the SGP and ground-based total O3 columns for different stations. The sinusoidal
functions fitted through the dots highlight possible trend and seasonality in the differences.
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5 Conclusions

SDOAS is an algorithm for retrieval of total O3 columns
from SCIAMACHY nadir backscattered measurements and
has been implemented within the ESA operational environ-
ment SGP version 3. For the retrieval settings, special efforts
have been made to assess the consistency of current O3 cross-
section reference data sets. Best fits to SCIAMACHY spectra
have been obtained using the Bogumil et al. (2003) data set
pre-shifted by +0.02 nm. An additional empirical scale factor
of +3% compensates for (1) amplitude differences between
the SCIAMACHY and GOME flight model cross-sections,
and (2) an unresolved bias in the SCIAMACHY columns.

The entire SCIAMACHY total O3 column data set from
the operational environment SGP v3.01 has been compared
to measurements derived from other instruments or algo-
rithms. Comparisons with the GOME O3 columns from
GDP 4.1 show excellent agreement, especially for clear sky
pixels, for which relative differences are generally less than
1%. However, for pixels contaminated by clouds, differ-
ences may reach a few percent, and this is due mainly to
the different cloud algorithms implemented in the GOME
and SCIAMACHY operational systems. Future work should
focus on better understanding these differences and better
assessing the appropriateness of the cloud algorithms used
for trace gas retrievals. Comparisons with TOSOMI and
OMTO3 columns as well as with ground-based measure-
ments also show good agreement, with relative differences
generally less than 2% and 5% for satellite/satellite and
satellite/ground-based comparisons, respectively.

Despite the overall good agreement, validation results also
reveal the existence of a small but significant temporal trend
in the SCIAMACHY total O3 columns, in the form of a de-
crease of approximately 0.2–0.4%/year. Although the cause
of this trend is unresolved, we have shown that it does not
originate from the retrieval algorithm. We think that the rea-
son is to be found from consideration of instrumental degra-
dation and/or inaccuracies in the Level 0 to 1 (calibration)
processing.

The impact of future improvements to the SCIAMACHY
ground segment on the ozone column accuracy will be reg-
ularly monitored as part of activities of the SCIAMACHY
Quality Working Group.
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