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Abstract. We report on the dependence of ozone volume
mixing ratio profiles, retrieved from limb emission infrared
spectra of the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS), on different retrieval setups such
as the treatment of the background continuum, cloud filter-
ing, spectral regions used for analysis and a series of further
more technical parameter choices. The purpose of this in-
vestigation is to better understand the error sources of the
ozone retrieval, to optimize the current retrieval setup and
to document changes in the data versions. It was shown
that the cloud clearing technique used so far (cloud index
1.8) does not reliably exclude all cloud-contaminated spec-
tra from analysis. Through analysis of spectra calculated for
cloudy atmospheres we found that the cloud index should
be increased to a value of 3.0 or higher. Further, it was
found that assignment of a common background continuum
to adjacent microwindows within 5 cm−1 is advantageous,
because it sufficiently represents the continuum emission by
aerosols, clouds and gases as reported in the literature, and
is computationally more efficient. For ozone retrieval we
use ozone lines from MIPAS band A (685–970 cm−1) and
band AB (1020–1170 cm−1) as well. Therefore we checked
ozone retrievals with lines from bands A or AB only for a
systematic difference. Such a difference was indeed found
and could, to a major part, be attributed to the spectroscopic
data used in these two bands, and to a minor part to neglec-
tion of modelling of non-local thermodynamic (non-LTE)
emissions. Another potential explanation, a bias in the ra-
diance calibration of level-1B spectra of bands A and AB,
could largely be ruled out by correlation analysis and inspec-
tion of broadband spectra. Further upgrades in the ozone
retrieval consist of application of an all-zero a-priori pro-
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file and a weaker regularization. Finally, the ozone distri-
bution obtained with the new retrieval setup (data versions
V3o O3 7) was compared to the data version used before
(V2 O3 2). Differences are smaller than±0.4 ppmv in the
altitude region 15–50 km. Further, differences to ozone mea-
sured by the HALogen Occultation Experiment (HALOE) on
the Upper Atmospheric Research Satellite (UARS) are partly
reduced with the new MIPAS data version.

1 Introduction

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) is a limb-viewing Fourier transform in-
frared (FTIR) emission spectrometer with an unapodised
spectral resolution of 0.035 cm−1 (Fischer and Oelhaf, 1996;
European Space Agency (ESA), 2000). It was launched on-
board the Sun-synchronous polar-orbiting European ENVI-
ronmental SATellite (ENVISAT) on 1 March 2002. MIPAS
covers a wide mid-infrared spectral region, namely from 685
to 2410 cm−1, which enables simultaneous observation of
various trace gases. The original standard observation mode,
which generally was operated until 26 March 2004, consisted
of limb-scans in anti-flight direction, composed of 17 alti-
tude steps with tangent altitudes between 6 and 68 km. The
step-width was 3 km up to 42 km and increased up to 8 km
above 52 km. Generation of calibrated, so-called level-1B
radiance spectra is described in Nett et al. (2002). Several
data analysis schemes have been developed for near-real time
and off-line retrieval of profiles of atmospheric trace species
from calibrated MIPAS spectra provided by the European
Space Agency (ESA) (von Clarmann et al., 2003a). The
ozone distributions presented in this paper were derived with
the retrieval processor of the Institut für Meteorologie und
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Klimaforschung (IMK), which was developed to produce
self-consistent datasets containing considerably more trace
species than included in the operational dataset provided
under ESA responsibility. At IMK, for retrieval of strato-
spheric ozone profiles from spectra measured in the standard
observation mode local thermodynamic equilibrium (LTE)
is assumed, which is valid for most species throughout the
troposphere and stratosphere. For analysis of trace species
in non-local thermodynamic equilibrium (NLTE), which be-
comes important for MIPAS observations of the upper atmo-
sphere, the processor capabilities were extended at the Insti-
tuto de Astrof́ısica de Andalućıa (IAA).

Retrieval of ozone profiles from limb emission spectra
meanwhile is rather routine. However, different retrieval
algorithms and setups will produce different ozone profiles
from the same set of measurements. This is, to a certain
degree, even true for the ideal case of synthetic measure-
ments only perturbed by random noise (von Clarmann et al.,
2003a). With real measured spectra, the situation is even
worse, because the setup of the retrieval determines how,
e.g., uncertainties in spectroscopic data, unaccounted physics
such as NLTE emissions, or calibration uncertainties, map
onto the retrieved profiles. In this paper we assess the sen-
sitivity of ozone retrievals to the detection scheme for cloud
contaminated spectra, to the treatment of background contin-
uum emission, and to the MIPAS bands chosen for retrieval
of ozone profiles, i.e. MIPAS band A (685–970 cm−1) or
AB (1020–1170 cm−1) only or a combination of both bands.
The goal of these investigations is to better understand re-
lated retrieval error sources and to optimize the retrieval
setup. Further, we compare the results to ozone measured
by the HALogen Occultation Experiment (HALOE) and in-
vestigate, if the detected discrepancies can be related to the
retrieval parameter settings chosen. A possible residual bias
to independent experiments is quantified in a comprehensive
validation study (Steck et al., 2006)1.

2 Retrieval of vertical ozone profiles

In the retrievals performed with the IMK-IAA data proces-
sor, MIPAS level-1B spectra are inverted to vertical profiles
of atmospheric state parameters by constrained non-linear
least squares fitting of modeled to measured spectra (e.g.,
Rodgers, 2000, and references therein) by minimising the
objective function

χ2
= (ym − yc)

T S−1
y (ym − yc) + (xa − x)T R(xa − x).(1)

1Steck, T., Blumenstock, T., von Clarmann, T., Glatthor, N.,
Grabowski, U., Hase, F., Hochschild, G., Höpfner, M., Kellmann,
S., Kiefer, M., Kopp, G., Linden, A., Milz, M., Oelhaf, H., Stiller,
G.P., Wetzel, G., Zhang, G., Fischer, H., Funke, B., Wang, D.-Y.,
von der Gathen, P., Hansen, G., Stebel, K., Kyrö, E., Allaart, M.,
Redondas Marrero, A., Remsberg, E., Russell III, J., Steinbrecht,
W., Yela, M., and Raffalski, U.: Validation of ozone measurements
from MIPAS-Envisat, J. Geophys. Res., submitted, 2006.

Hereym andyc are the measured and modelled spectral radi-
ances,Sy is the covariance matrix of measurement noise,xa

andx are the a-priori and retrieved profile andR is the regu-
larization matrix. First, spectral shift, the temperature profile
and the tangent heights are fitted. Thereafter various trace
gas profiles are retrieved in a successive manner, in which the
major species O3, H2O, CH4, N2O, and HNO3 are analyzed
first. Beside each target species, microwindow-dependent
continuum radiation profiles and microwindow-dependent,
but height-independent zero level calibration corrections are
jointly fitted. More details on the retrieval strategy are given
in, e.g., von Clarmann et al. (2003b), Glatthor et al. (2004),
Höpfner et al. (2004), Mengistu Tsidu et al. (2004) and refer-
ences therein. The retrieval grid used at IMK has an altitude
spacing of 1 km up to 44 km and of 2 km between 44 and
70 m, which is considerably finer than the height distance of
∼3 km between the respective tangent altitudes. To avoid
consequential instabilities, Tikhonov’s first derivative opera-
tor is used as smoothing constraint for the retrieval of profiles
(Steck, 2002, and references therein).

Instead of analysis of wide spectral bands, generally a
set of confined spectral regions, so-called microwindows
(MWs), is used for retrieval of the volume mixing ra-
tio (VMR) of ozone or other trace species from mid-
infrared measurements. The altitude-dependent selection
of microwindows is stored in so-called occupation matrices
(OMs). In pre-flight studies, microwindow sets were opti-
mized via a quantitative mathematical method by minimizing
the estimated retrieval error (von Clarmann and Echle, 1998;
Echle et al., 2000). Table 1 shows the microwindow set or oc-
cupation matrix, used at IMK for ozone retrieval. It consists
of 10 microwindows and, added up over all 17 tangent alti-
tudes, contains 1429 spectral gridpoints. The microwindow
width varies between 0.1 and 2.4 cm−1, with an average size
of 0.39 cm−1. Six microwindows are situated in MIPAS band
A (685–970 cm−1) in the wavenumber region 741–798 cm−1

and 4 microwindows in band AB (1020–1170 cm−1) in the
region 1062–1108 cm−1, each of them used in a specific al-
titude range. MIPAS band AB contains the most energetic
ozoneν1 andν3 fundamental modes at 1103 and 1042 cm−1,
respectively. Lines of these bands are commonly used for
ozone retrieval in the middle atmosphere, but often become
saturated at lower altitudes. Here the weakerν2 fundamen-
tal band situated in band A can also be taken into account,
but many of these lines are perturbed by the 15µm bands of
CO2. Since the ozone retrieval at IMK is performed assum-
ing local thermodynamic equilibrium, the microwindow se-
lection has been optimized such that NLTE emissions are as
far as possible excluded. Ozone retrieval of MIPAS scans ob-
tained in “upper atmospheric” mode (18–100 km) under con-
sideration of NLTE is described by Gil-López et al. (2005).

Figure 1 shows the ozone distribution obtained at IMK
(data version V2O3 2) with the microwindow set shown in
Table 1 for MIPAS orbit 8597 of 22 October 2003, which
is used as reference (RETA+AB MIPAS) in this study.
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Table 1. Microwindow set optimized for a polar atmosphere, used for standard ozone retrieval (RETA+AB MIPAS). The left column shows
the spectral regions of the different microwindows. The logical matrix in the right column (so-called occupation matrix) defines, at which
heights between 6 and 68 km the respective microwindow is used (T) or not used (=). Heights increase from left to right, and height labels
06 to 68 km are denoted vertically in the first two rows.

Microwindow Altitude coverage
cm−1 6–68 km

00111222333344566
69258147036927208

741.675–741.825 ====T====TTTTTTT=
744.950–745.125 =TTTTTTTTTTTTTTTT
757.900–758.000 ==TTTTTTTTTTT===T
759.225–761.650 TTTT==TTTTTTTTTTT
764.800–764.950 T==TTTTTT==TT=TTT
798.450–798.650 ===TTTTTTTTTTTTTT

1062.325–1062.475 ====T=========TTT
1081.500–1081.600 TTTTT=TTTTTTTTTTT
1090.350–1090.475 TTTTT=TTTTTTTTTTT
1108.000–1108.350 TTT=T===TT=T=====
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Fig. 1. Reference ozone distribution (RETA+AB MIPAS, data version V2O3 2), derived from MIPAS limb-scans along orbit 8597 of 22
October 2003, 16:15–17:53 UT, plotted versus geographic latitude and altitude. Plus signs indicate the latitudinal locations of the limb-scans
on the daytime (white signs) and nighttime part (red signs) of the orbit; the small white areas indicate retrieved volume mixing ratios below
0 ppmv (due to profile oscillations).

Daytime measurements, indicated by white plus signs, were
generally performed on the southward leg of the orbit and
nighttime measurements (red plus signs) on the northward
leg. Because of the season the day/night terminators are
shifted towards 80◦ and −80◦. The tropical and subtrop-
ical O3 VMR maximum of 12 ppmv is in the altitude re-
gion 30–35 km, exhibiting no distinct variation between day
and night. The Arctic maximum of about 7 ppmv is sit-
uated around 38 km, whereas the Antarctic maximum of

about 8 ppmv is just below 30 km. The low Arctic ozone
amounts in the altitude region 24–32 km reflect the climato-
logical minimum of total ozone in autumn. Different from
the stratosphere there is a clear variation in the mesosphere,
with nearly disappearing daytime ozone and nighttime mix-
ing ratios of up to 2 ppmv around 60◦ and−60◦. This is the
tertiary ozone maximum just equatorward of the polar night
terminator as described by Marsh et al. (2001).
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Fig. 2. O3 retrieval error of standard retrieval for a polar (left) and a tropical (right) geolocation of the dayside part of orbit 8597. Solid
black: total error, dotted black: noise error, dashed black: total precision; the error components shown (cf. legend) are the error caused
by uncertainty in the N2O5 amount, in temperature, in spectroscopic data, in the instrumental line-of-sight (los), in spectral shift, in gain
calibration, and in the instrumental line shape (ils).

71 individual ozone profiles, which cover a range of at-
mospheric conditions, namely the Arctic pre-vortex, north-
ern fall and southern spring mid-latitudes, the tropics and
the final stage of the Antarctic vortex, were derived from or-
bit 8597. Nevertheless, to obtain a more representative pic-
ture, orbits 5852 from 13 April and 7274 from 22 July 2003,
i.e. from two different seasons, were also included in the sen-
sitivity study.

Figure 2 shows the total estimated ozone retrieval error,
measurement noise, the total precision and the major er-
ror components for a polar (left) and a tropical geolocation
(right). The total precision contains all error components,
which interact as random error sources, i.e. all error contribu-
tions except uncertainties in spectroscopic data, in the instru-
mental line shape (ILS) and uncertainties resulting from phe-
nomena not included in the forward calculation like NLTE
effects. This error estimation is based on the actual retrieved
temperatures, tangent heights, ozone mixing ratios, simu-
lated spectra and Jacobians of the final iteration (cf. Glatthor
et al., 2004). The maximum total error is 0.65 ppmv at the
polar and 1.2 ppmv at the tropical geolocation and exceeds
0.2 ppmv in the altitude region 20 to 50 km. In both cases
the measurement noise is mostly between 0.1 and 0.2 ppmv,
whereas the total precision at the altitude of the ozone max-
imum is 0.3 ppmv at the polar and 0.45 ppmv at the tropical
geolocation. The maximum uncertainty at mid-latitudes (not
shown) is typically 0.8 ppmv. In relative units, the total error
is around 10% and the noise error is below 4% in the alti-
tude region from 10 to 45 km at the polar geolocation. At the
tropical geolocation, the relative total error is between 5%
and 10% in the height region 25–50 km, whereas the relative
noise error is below 3%. In both cases, the estimated un-
certainty in spectroscopic data is the dominant error source.
This error contribution was calculated from the uncertain-
ties in line intensity given by Flaud et al. (2003) and from
the error in half-width listed in the HIgh-resolution TRANs-

mission (HITRAN) database (Rothman et al., 1998). More
details on spectroscopic errors are given in Sect. 3.3.3. Fur-
ther important error sources are uncertainties in the retrieved
temperature and tangent altitudes, in spectral gain calibration
and in the assumed instrumental line shape.

The rms deviation between ozone measured by MIPAS
and the HALogen Occultation Experiment (HALOE) on the
Upper Atmospheric Research Satellite (UARS), as calculated
in a validation study for the period 30 October to 7 Novem-
ber 2003, is 0.7 ppmv at 30 km and decreases to 0.2 ppmv
at 50 km and to 0.5 ppmv at 20 km altitude. These val-
ues are of the order of the total estimated retrieval error
and thus show satisfactorily agreement between both instru-
ments. The methodology of this validation study is described
more in detail by Wang et al. (2005).

3 Sensitivity studies

In order to optimize the retrieval setup, the following issues
have been investigated: The dependence of the ozone re-
trieval on the cloud detection scheme, on the treatment of
the background continuum, on the MIPAS band used for re-
trieval, and on the regularization chosen.

3.1 Influence of the cloud-index

The signal obtained by MIPAS from the lower atmosphere
is often contaminated by tropospheric or polar stratospheric
clouds, which trigger errors in the retrieval of trace gas
amounts at these altitudes. Therefore spectra from tangent
altitudes below 30 km are checked by a cloud-detection al-
gorithm, which calculates the ratio between the measured ra-
diances in the wavenumber ranges 788.2–796.25 and 832.3–
834.4 cm−1. This ratio, the so-called cloud-index, decreases
with increasing cloud-contamination (Spang et al., 2004).
For ozone data versions V2O3 2 and lower, spectra with
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Fig. 3. Top left: Cloud-indices, calculated from synthetic spectra containing a cirrus cloud between 10 and 11 km altitude, for a mid-
latitude geolocation (46.1◦ N) of orbit 8597. The rightmost curve (solid black) is the reference for a cloud-free atmosphere. From right
to left, the other curves were calculated for increasing particle densities of 1×10−4, 1×10−3, 2×10−3, 3×10−3, 5×10−3, 1×10−2 and
1.5×10−2 cm−3. The vertical lines indicate cloud thresholds of 1.8 and 4.0. Top right: Corresponding ozone retrieval error. Black curve:
total retrieval error of reference calculation; light blue, yellow and red curves: additional retrieval error caused by cloud layers between 10
and 11 km with particle densities of 2×10−3, 5×10−3 and 1.5×10−2 cm−3, respectively. Bottom: same as upper panel, but for a cirrus
cloud between 15.5 and 16.5 km at a tropical geolocation (8.6◦ S).

cloud-indices below 1.8 were rejected from analysis. The
same value is used in the operational data analysis under
ESA responsibility. This threshold was suggested by Spang
et al. (2004) for the altitude region 10–45 km. In choosing
this value, these authors in tendency minimized the risk to
exclude a cloud-free spectrum due to an over-sensitive cloud-
index. However, they were aware that only an index of 4
or higher guarantees exclusion of optically thin clouds like
PSCs or high cirrus clouds.

In IMK retrievals, inclusion of spectra containing thin up-
per tropospheric clouds often turned out as unfavourable.
Therefore we choose the opposite approach and assess the
risk that a cloud-contaminated spectrum is regarded as cloud-
free. This approach, however, requires cloud radiative trans-
fer modelling (Ḧopfner et al., 2005). As a first step, we
simulated limb emission spectra by radiative transfer calcula-
tions for an atmosphere with different cirrus cloud layers be-
tween 10 and 11 km altitude consisting of 5µm particles with
varying particle densities (particle densities falling to zero
towards 9 and 12 km) at a northern mid-latitude (46.1◦ N)
geolocation, as well as for different cirrus cloud layers be-
tween 15.5 and 16.5 km altitude at a tropical geolocation
(8.6◦ S). The resulting cloud indices are presented in Fig.3
(left panel). The rightmost curve is the reference for a cloud-

free atmosphere and shows that a cloud-index of 5.5 or higher
would even reject cloud-free spectra at the lowermost tangent
altitude. From right to left, the other curves represent cloud
indices resulting from clouds with particle densities increas-
ing from 1×10−4 (cloud 1) to 1.5×10−2 cm−3 (cloud 7).
Beginning with cloud 3 (light blue curve) they exhibit local
minima between 4.6 and 1.8 at the altitude of the mid-latitude
cloud layer and between 5.4 and 2.1 at the height of the trop-
ical cloud layer. Similar cloud indices were also obtained for
an antarctic PSC layer of alpha-NAT particles between 20
and 21 km (not shown) with comparable particle densities as
in the midlatitude and tropical case.

In order to investigate the impact on the retrieval, the error
triggered by the cloud signal was estimated by multiplica-
tion of the retrieval gain function of this geolocation with the
difference of the cloud-contaminated and cloud-free spectral
signal:(

KT S−1
y K + R

)−1
KT S−1

y (F(x, cl) −F(x, clfr)) , (2)

where F(x, cl) and F(x, clfr) are spectra simulated for a
cloudy and cloud-free atmosphere, respectively. Figure3
(top right) shows the total ozone retrieval error of the
reference calculation and the additional error components

www.atmos-chem-phys.net/6/2767/2006/ Atmos. Chem. Phys., 6, 2767–2781, 2006
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Table 2. Orbit-averaged heights of the lowest tangent altitude (ltgh) of MIPAS scans remaining after application of cloud-threshold 1.8 and
4.0, respectively, and height difference between both applications. Height averages were calculated for three different orbits, for polar (ltgh
pol), mid-latitude (ltgh midl) and tropical (ltgh trop) geolocations, respectively.

Orbit Date Cloud ltgh pol ltgh midl ltgh trop
index [km] [km] [km]

5852 13 April 2003 1.8 7.77 10.96 15.95
4.0 9.71 12.05 17.12

1.94 1.09 1.17

7274 22 July 2003 1.8 13.94 10.53 12.40
4.0 15.54 12.34 14.92

1.60 1.81 2.52

8597 22 October 2003 1.8 8.88 9.01 11.19
4.0 10.60 11.07 14.20

1.72 2.06 3.01
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Fig. 4. Difference between retrieval with cloud-threshold 4.0 and
1.8 (RETA+AB MIPAS). The red and black curves show the low-
ermost tangent heights taken into account for retrieval after applica-
tion of cloud-threshold 1.8 and 4.0, respectively.

resulting from the mid-latitude cloud layers with particle
densities of 2×10−3, 5×10−3 and 1.5×10−2 cm−3, which
in our model calculation are related to cloud-indices of 4.5,
3.1 and a value of just above 1.8, respectively (Fig.3, left).
The additional uncertainty caused by the cloud of lowest par-
ticle density is small in comparison to the total retrieval error,
whereas in the other two cases it is between 30 and 140% of
the total error in the altitude region 9 to 13 km and propa-
gates upward throughout the whole stratosphere. The max-
imum additional error caused by the tropical cirrus clouds
of the same particle densities is 10, 25 and 60% of the total
error at 20 km altitude (Fig.3, bottom right). However, due
to the higher altitude of the tropical cloud the error propa-
gated upward into the mid-stratosphere is larger. Moreover,
these values are lower estimates of the uncertainties due to
the clouds, because cloud-induced temperature or pointing
errors and scattering of lower atmosperic radiation into the
line-of-sight are not taken into account. Although for re-

trieval of ozone, a cloud threshold of 3 may be considered
sufficient, we have decided to increase the cloud threshold
from 1.8 to 4. The more conservative value of 4 for IMK
retrievals was chosen mainly with regard to retrieval of other
species, which is even more sensitive to clouds.

Figure4 shows the difference in retrieved ozone between
application of the high (4.0) and low (1.8) cloud-index along
with the lowermost tangent altitudes taken into account in
both cases. Differences below the lowest tangent height con-
sidered after application of cloud index 4.0 (black curve) are
not relevant. The influence of the increased cloud-index on
the retrieved stratospheric ozone amounts is of the order of
the estimated error caused by clouds (cf. Fig.3, right) in
those regions, where the effect of the two cloud-filters is
not much different. Between 10◦ and−20◦ in the dayside
tropics, where, due to high optically thin clouds, the number
of tangent altitudes additionally excluded by the increased
cloud threshold is largest, there are mainly negative differ-
ences of up to−0.15 ppmv in the altitude region 20–40 km.
These deviations are somewhat larger than the estimated
tropical cloud-induced error, because the relative weight of
the regularization increases by rejection of a large number of
spectra from the retrieval. Table 2 shows the heights of the
lowest tangents of the MIPAS scans remaining after applica-
tion of cloud-index 1.8 and 4.0 and the resulting differences
for the three investigated orbits. The values given are aver-
ages for polar, midlatitude and tropical geolocations, respec-
tively. The differences vary between 1.1 km for mid-latitude
geolocations of orbit 5852 and 3.0 km for tropical geoloca-
tions of orbit 8597. That means that even in the last case on
average only one additional tangent altitude is rejected by the
more stringent cloud-threshold.

Atmos. Chem. Phys., 6, 2767–2781, 2006 www.atmos-chem-phys.net/6/2767/2006/
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Fig. 5. Imaginary parts of refractive indices of a 75 weight-percent solution of H2SO4 in H2O at 190 K provided by Biermann et al. (2000)
(black curve), of ice particles provided by Toon et al. (1994) (red curve) and Warren (1984) (blue curve), and of alpha-NAT of Toon et
al. (1994) (green curve) for the ozone microwindow regions in MIPAS band A (left) and AB (right).

3.2 Influence of the treatment of background continuum
emission

The basic retrieval strategy, applied at IMK as well as by
most other research groups for MIPAS data processing, is
to retrieve the background continuum emission per altitude
and per microwindow simultaneously to the target species
abundance (von Clarmann et al., 2003b). The rationale of
this approach is, first, not to rely on aerosol, cloud and gas
climatologies but to use the actual values in the radiative
transfer forward modelling, and second to compensate for
spectral residuals caused by any other weakly wavenumber-
dependent signal not properly accounted for by the radia-
tive transfer calculation, such as far wings of remote spectral
lines.

In the MIPAS-IMK-IAA data processor the continuum is
constrained to zero (hard constraint) above 32 km, because
these altitudes are assumed to be free of aerosols. Below this
altitude a Tikhonov smoothing constraint is applied both in
the altitude and the wavenumber domain. Additionally, an
altitude-constant additive radiance calibration correction is
retrieved per microwindow.

Here we assess, if a 5 cm−1 representation of the empirical
background continuum, i.e. assignment of a common con-
tinuum profile to spectrally adjacent microwindows, is suffi-
cient to serve the purpose outlined above. Such a represen-
tation comprises a reduction in retrieval variables, which can
reduce the computational burden considerably. For this pur-
pose, we investigate the wavenumber dependence of aerosol
and cloud spectra as well as of gas continua found in the lit-
erature, and discuss the wavenumber dependence of continua
retrieved with MIPAS. Further we show the difference in re-
trieved ozone resulting from assuming one background con-
tinuum profile per microwindow and a locally flat continuum
over 5 cm−1.

To approximate the aerosol particle distribution we used
measurements of Deshler et al. (2003) from 20 April 1999,
which fall into the same period of continuously low strato-
spheric aerosol loading prevailing since the late 1990s as

the MIPAS campaign, and from 19 March 1993, which
were performed in volcanic aerosol. For both measurements
we assumed bimodal aerosol distributions between 10 and
30 km altitude with size distributions as given in Deshler et
al. (2003), i.e. particle densities of 7.67 and 0.006 cm−3 and
mode radii of 0.069 and 0.42µm for the background aerosol
and particle densities of 3.99 and 1.63 cm−3 and mode radii
of 0.13 and 0.41µm for the volcanic aerosol. The wavenum-
ber dependence of the aerosol absorption was modelled us-
ing the refractive indices (imaginary parts) of a 75 weight-
percent solution of H2SO4 in H2O at 190 K by Biermann
et al. (2000) (Fig.5). Clouds are assumed not to be rep-
resented by the fitted continuum, because cloud-contamina-
ted spectra are generally rejected from the retrieval by the
algorithm described in Sect. 3.1. As we had shown this is
not the case for rather thin clouds. Therefore we also anal-
ysed the effect of upper tropospheric cirrus clouds and polar
stratospheric clouds (PSCs) not rejected by the cloud filter
using the wavenumber-dependent refractive indices (imagi-
nary parts) of ice and nitric acid trihydrate (NAT) by Toon et
al. (1994) (Fig.5). For comparison the coarser resolved re-
fractive indices of ice by Warren (1984) are also shown, but
not further utilized. The wavenumber dependence of all these
refractive indices of aerosols, ice and NAT is rather smooth in
the microwindow regions in MIPAS band A (740–800 cm−1)
as well as in band AB (1060–1110 cm−1), but some of them
show a distinct slope.

To quantify the effect of applying a spectrally locally flat
continuum in evaluation of MIPAS data, synthetic spectra
containing aerosols, ice clouds or NAT-PSCs were calcu-
lated for mid-latitude, tropical and polar geolocations of or-
bit 8597 in two different ways. First, the refractive indices
given in original spectral resolution were used, and then sim-
ilar calculations were performed with refractive indices rep-
resented by staircase functions sampled at 5 cm−1 for the
aerosol and at about 8 cm−1 for the ice clouds and NAT-
PSCs. The larger stepwidth for the ice clouds and the PSCs
was chosen, because the original data have a spectral resolu-
tion of 4 cm−1 only (cf. Fig.5). At the northern mid-latitude

www.atmos-chem-phys.net/6/2767/2006/ Atmos. Chem. Phys., 6, 2767–2781, 2006



2774 N. Glatthor et al.: Retrieval of stratospheric ozone from MIPAS

Fig. 6. Left: Differences between synthetic spectra calculated for the ozone microwindow region in MIPAS band A with original refractive
indices of aerosol (Biermann), ice and alpha-NAT (Toon) and representation by 5 cm−1 (aerosol) and 8 cm−1 (ice, alpha-NAT) staircase
functions, respectively; brown and black curves: differences for background and volcanic aerosol (tangent altitude 10.1 km); red curve:
difference for ice (tangent altitude 10.1 km); green curve: difference for alpha-NAT (tangent altitude 19.3 km); blue curve: difference
between the H2O and CO2 continua calculated for the reference atmosphere and for H2O and CO2 amounts scaled by factors 0.9 and 0.99
(tangent altitude 10.1 km). Right: same as left, but for the ozone microwindow region in MIPAS band AB.
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Fig. 7. Orbit-averaged continuum profiles of orbit 8597 retrieved in ozone microwindows 1–6 (left) and 7–10 (right) (cf. Table 1). Assignment
to microwindows is colour-coded in the legend.

geolocation (46.1◦ N), the maximum differences at the tan-
gent altitude of 10.1 km between original and degraded rep-
resentation were±0.2 nW/(cm2 sr cm−1) for the background
aerosol,±3.0 nW/(cm2 sr cm−1) for the volcanic aerosol and
±1.0 nW/(cm2 sr cm−1) for ice cloud 3 with a particle den-
sity of 2×10−3 cm−3 (Fig. 6), which still had passed the in-
creased cloud threshold of 4.0 (cf. Sect. 3.1). The maximum
difference for the antarctic PSC (86.2◦ S) between 20 and 21
km with a particle density of 4×10−3 cm−3, which also is
still accepted as cloud-free by the increased cloud thresh-
old of 4.0, was below±0.35 nW/(cm2 sr cm−1) at the tangent
altitude of 19.3 km. These deviations are very small in com-
parison to the noise equivalent spectral radiance (NESR),
which decreases from 25 to 18 nW/(cm2 sr cm−1) and from
16.5 to 12 nW/(cm2 sr cm−1) in the microwindow regions in
MIPAS band A and AB, respectively. The retrieval error
caused by this simplified representation of the refractive in-
dices was additionally estimated by multiplication of these
difference spectra with the retrieval gain function

(
KT S−1

y K + R
)−1

KT S−1
y ×(F(x, fine) − F(x, coarse)) , (3)

where K is the Jacobian of the retrieval, and F(x, fine)
and F(x, coarse) are the spectra with full resolved and 5
or 8 cm−1 continuum representation. The resulting uncer-
tainty was less than 0.1% for aerosol and even for the
strongest ice cloud with a particle density of 1.5×10−2 cm−3

(cf. Sect. 3.1).
In the mid-infrared, the contribution of far wings of the

large amount of lines of strong absorbers like H2O and CO2
also causes a continuum-like absorption. The forward model
KOPRA (Karlsruhe Optimised and Precise Radiation Algo-
rithm, Stiller, (Ed.), 2000) used at IMK enables modelling
of these continua. The H2O continuum is calculated using
the CKDv2.2 model of Clough (1995) and the CO2 contin-
uum using the models for far wing line shapes of Menoux et
al. (1987, 1991) and Cousin et al. (1985). Since these con-
tinua are explicitely modeled, only the deviation of the actual
continuum from the modeled one, driven by deviations be-
tween assumed and actual abundances of related gases, has
to be compensated by the empirically fitted continuum.

To estimate the effect of not completely compensated
gas continua, H2O and CO2 continua were calculated
for H2O and CO2 amounts scaled down by 10 and 1%,
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respectively, and subtracted from spectra containing the
reference gas continua (Fig.6, blue curves). The maxi-
mum differences are−2 nW/(cm2 sr cm−1) in band A and
−0.07 nW/(cm2 sr cm−1) in band AB, which is also small
compared to the NESR. In summary, the investigated aerosol,
cloud and gas continua give no evidence that a continuum
representation degraded to 5 cm−1 in wavenumber space has
a significant impact on the ozone retrievals.

Figure7 shows the orbit-averaged continuum profiles re-
trieved in microwindows 1–6 in MIPAS band A (left) and
in MWs 7–10 in MIPAS band AB (right). Application of
the 5 cm−1 criterion to the ozone occupation matrix would
lead to a common background continuum for microwindows
1 and 2 as well as 3 and 4 (cf. Table 1). The individual con-
tinua retrieved in these spectrally adjacent MWs (black and
red as well as dark blue and green curves in the left graph)
show only a rather small difference, and thus also justify the
intended approach. The negative and positive spikes appear-
ing in all microwindows at 32 km are not caused by insuf-
ficient spectral sampling, but rather by setting the continum
zero above 32 km.

Finally the sensitivity of the retrieved ozone profiles to the
different treatment of the background continuum (one con-
tinuum profile for each microwindow or common continuum
profiles for MWs 1 and 2 as well as 3 and 4) was tested. Dif-
ferences mainly occur in the altitude region 15–40 km and
are less than±0.2 ppmv at most latitudes (Fig.8). Unex-
pectedly, the sensitivity to this change of continuum treat-
ment is largest (up to−0.3 ppmv) at altitudes around 32 km,
where the contribution of the atmospheric continuum is close
to zero. However, at this height the spikes in the contin-
uum profiles occur, and, different from all altitudes below,
MWs 1 and 2 as well as 3 and 4 are all included in the mi-
crowindow set (cf. Table 1). Nevertheless, the differences
are generally smaller than the total estimated retrieval error,
(cf. Fig.2). Similar deviations were obtained for orbits 5852
and 7274 (not shown here). The altitude of the major devia-
tions (around 30 km) indicates that the continuum here com-
pensates for a spectral residual caused by any other variable
of the forward model, because the smoothness constraint of
the ozone retrieval prohibits an exact spectral fit. As a re-
sult of all investigations presented in this section, assignment
of a common continuum to microwindows less than 5 cm−1

apart, is justified.

3.3 Band dependence of retrieved ozone profiles

During our investigations of different microwindow selec-
tions it turned out that occupation matrices containing ozone
lines from different spectral regions produced systematically
different results. Figure9 (top) shows the deviations between
retrieval with an occupation matrix restricted to MIPAS band
AB (MWs between 1040 and 1164 cm−1, RET AB MIPAS)
and retrieval with an occupation matrix confined to band A
(MWs from 730 to 798 cm−1, RET A MIPAS), respectively.
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Fig. 8. Difference between retrieval with assignment of a common
continuum background emission profile to adjacent microwindows
within a 5 cm−1 spectral range and retrieval with individual contin-
uum profiles for every microwindow (RETA+AB MIPAS). Same
meaning of plus signs as in Fig.1.

Especially at mid-latitudes and in the tropics there are wide
areas with positive differences of about 1 ppmv in the alti-
tude region 28 to 42 km, somewhat more distinct during day-
time than at night. The orbit-averaged difference in the alti-
tude band 25–43 km is 0.40 ppmv (Table3). Rather similar
patterns were also found for the two other orbits from 13
April and 22 July, 2003, with orbit-averaged differences of
0.28 and 0.37 ppmv, respectively (Table3). The following
possible explanations for this bias were assessed: (a) non-
local thermodynamic equilibrium emissions which are not
accounted for in the retrieval, (b) gain calibration inconsis-
tencies, and (c) inconsistencies of spectroscopic data in dif-
ferent ozone bands, because the most prominent ozone tran-
sitions in the microwindow region from band A are from the
ν2 fundamental band, while the strongest transitions in the
microwindow region from band AB are from theν1 andν3
fundamental bands.

3.3.1 Non-local thermodynamic equilibrium effects

A possible reason for the discrepancy of ozone retrievals in
the two MIPAS bands could be different strengths of non-
local thermodynamic equilibrium (non-LTE) effects. In the
routine IMK ozone retrievals time consuming NLTE cal-
culations are not taken into account in the radiative trans-
fer calculations, because NLTE effects are generally small
in the stratosphere, and IMK microwindows are selected
such that spectral regions, where these effects are impor-
tant, are avoided. Nevertheless, as a check, non-LTE-
retrievals were performed at IAA using the same microwin-
dows in MIPAS bands A (RETA MIPAS NLTE) and AB
(RET AB MIPAS NLTE). The result was that consideration
of NLTE reduces the bias between band A and AB retrievals
by about 30% (Fig.9, middle; Table3). Neglection of non-
LTE thus explains a fraction of the bias, but is not the domi-
nant cause.
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Table 3. Orbit-averaged ozone volume mixing ratios(VMRs) [ppmv] in the altitude band 25–43 km for different microwindow selections
and retrieval setups RET... . RETA+AB MIPAS: reference retrieval (V2O3 2) with standard OM containing microwindows in MIPAS
bands A and AB (cf. Table 1) and using the MIPAS spectroscopy. Meaning of substrings in the other retrieval setups: A: microwindows in
MIPAS band A in wavenumber region 730–800 cm−1 only; A ν3: microwindows in MIPAS band A in wavenumber region 960-970 cm−1

(ν3 ozone band) only; AB: microwindows in MIPAS band AB only; NLTE: retrieval including modelling of non-LTE effects; MIPAS: ozone
lines from MIPAS datbase; HIT96: ozone lines from HITRAN96 database.

Orbit 5852 7274 8597
Date 13 April 2003 22 July 2003 22 Oct 2003

RET A+AB MIPAS 6.784 6.373 6.840
RET A ν3 MIPAS 7.125 6.761 7.136
RET AB MIPAS 6.855 6.587 7.060
RET A MIPAS 6.608 6.222 6.659
Difference AB-A 0.277 0.365 0.401
RET AB MIPAS NLTE – – 6.916
RET A MIPAS NLTE – – 6.651
Difference AB-A – – 0.265
RET AB HIT96 6.677 6.374 6.830
RET A HIT96 6.710 6.321 6.771
Difference AB-A −0.033 0.053 0.059

Table 4. Correlation coefficients r(AB-A,AB-Aν3) and r(AB-A,A ν3-A) calculated between differences in retrieved ozone VMRs using
microwindows from MIPAS band AB (RETAB MIPAS), band A between 730 and 800 cm−1 (RET A MIPAS) or band Aν3 between 960
and 970 cm−1 (RET A ν3 MIPAS), for different height ranges.

Orbit Date Height r(AB-A,AB-Aν3) r(AB-A,A ν3-A)
range [km]

5852 13 April 2003 25–40 0.072 0.523
7274 22 July 2003 25–40 0.066 0.450
8597 22 Oct 2003 25–40 0.063 0.501
5852 13 April2003 20–50 0.157 0.395
7274 22 July 2003 20–50 0.129 0.374
8597 22 Oct 2003 20–50 0.090 0.416

3.3.2 MIPAS gain calibration inconsistencies

In order to assess if the observed discrepancies in ozone
amounts can be attributed to gain calibration uncertainties
between the MIPAS A and AB bands, another retrieval was
performed using exclusively ozone lines of theν3 band but
located in MIPAS band A (RETA ν3 MIPAS). These lines
are situated between 960 and 970 cm−1 and are not contained
in the microwindow set from band A applied above. Agree-
ment of the retrieval result using these lines with the result
obtained with the standard OM from band A would indicate
a calibration problem. To check this, a correlation analysis
was performed for the differences between the band AB re-
sults and the retrieval using the 960–970 cm−1 lines and the
differences between the band AB and band A results (MWs
from 730 to 798 cm−1). The result was that for each of the
three orbits the differences between the MIPAS band AB re-
trievals and those using the 960–970 cm−1 region are only

weakly correlated to the differences between the AB and A
band retrievals, with correlation coefficients between r=0.06
and 0.16 for the altitude bands 25–40 and 20–50 km (Ta-
ble 4). This rules out gain calibration inconsistencies be-
tween the MIPAS bands to cause the retrieval discrepancies.

3.3.3 Spectroscopic data

In order to investigate if the observed discrepancies can be
explained by spectroscopic inconsistencies in the MIPAS
ozone database (Flaud et al., 2003), a similar correlation
analysis was performed for the differences between band
AB and A retrievals and the differences between the re-
trievals using the two band A line regions (results using the
730–798 cm−1 lines subtracted from results using the 960–
970 cm−1 lines). In this case, a correlation coefficient r=0.50
was found for the altitude band 25–40 km of orbit 8597 (Ta-
ble 4). Similar correlation coefficients, namely r=0.45 and
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r=0.52, were calculated for orbits 5852 and 7274. The corre-
lation coefficients calculated for the altitude band 20–50 km
are r=0.40, r=0.37 and r=0.42 for orbits 5852, 7274 and 8597,
respectively. These rather high correlations suggest that in-
consistencies between spectroscopic data in the ozoneν1/ν3
andν2 bands are a major reason for discrepancies in related
ozone retrievals. In the following we test, if such a bias can
be explained by the spectroscopic uncertainties reported for
the MIPAS ozone lines. After inclusion of non-LTE mod-
elling, the orbit-averaged difference between band AB and A
retrievals of orbit 8597 is about 4% (0.265/6.659, Table3).
This is in the range of the error given for the line intensities
of the ozone fundamental lines used, which varies between 2
and 6% depending on the rotational quantum numbers (Flaud
et al., 2003). Moreover, the additional error specified for the
ozone line-widths is 5–10%. To ensure the finding of a spec-
troscopic bias, the retrievals with band A and AB microwin-
dows were repeated using ozone lines of the 1996 edition
of the HITRAN database (Rothman et al., 1998). The re-
trievals with this spectroscopic dataset (RETA HIT96 and
RET AB HIT96) resulted in constantly 3–4% lower band
AB ozone amounts over the whole stratosphere, but in up to
4% higher band A ozone amounts in the altitude region 28–
37 km. Thus, as net result smaller differences between band
AB and A ozone amounts with positive sign above, but neg-
ative sign below 32 km were achieved (Fig.9, bottom), sug-
gesting a better consistency between the HITRAN96 lines
used in MIPAS channels A and AB. Due to the changing
sign, the orbit-averaged differences of this test are nearly zero
in the altitude band 25–43 km (Table3). Thereupon we tried
to find out the reason for the larger deviations arising from
the MIPAS ozone lines. The band AB difference resulting
from use of the different line datasets is in good agreement
with Flaud et al. (2003), who report intensity ratios of 1.044
and 1.035 between the HITRAN96 and the new calibrated
MIPAS ν1 andν3 lines, respectively. On the other hand, the
difference within band A between the two line datasets is
not explainable by an offset in line strengths only, since the
intensities of the HITRAN96ν2 lines are also higher by a
factor of about 1.05 than those of theν2 lines of the MIPAS
database which would also lead to lower ozone VMRs. Fur-
ther retrieval studies showed that this deviation results from
the combination of the lower line strengths and of the gen-
erally larger (up to 15%) air broadening coefficients of the
MIPAS ν2 lines as compared to the respective parameters of
the HITRAN96 dataset. The reason of the considerable in-
fluence of the line widths is that the peaks of theν2 lines be-
come saturated at this altitude region. In summary, we assign
the major part, i.e. about 70%, of the observed discrepancies
to inconsistencies in spectroscopic data, and the remaining
part to band dependent NLTE effects not taken into account
in IMK retrievals (cf. Sect. 3.3.1).
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Fig. 9. Top: Difference between ozone amounts retrieved using oc-
cupation matrices restricted to MIPAS band AB (RETAB MIPAS)
or A (RET A MIPAS), respectively, without modelling of non-
LTE effects. Same meaning of plus signs as in Fig.1. Mid-
dle: Same as (top) but retrieval with modelling of non-LTE effects
(RET AB MIPAS NLTE and RETA MIPAS NLTE). Bottom: Or-
bit averaged ozone amounts resulting from the reference calculation
(black), from the calculations using microwindows from MIPAS
bands AB (red) or A (blue) only and MIPAS ozone line param-
eters, and from the calculation using microwindows from MIPAS
bands AB (green) or A (purple) only and HITRAN96 ozone line
parameters.

3.4 Regularization

Since the retrieval grid used at IMK has a finer height spac-
ing than the vertical tangent height distance (cf. Sect. 2), a
constraint has to be applied for the retrieval of trace gas pro-
files to avoid instabilities. The smoothing constraint chosen
for trace gas retrievals at IMK is implemented as follows

R = BLT LB , (4)
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Fig. 10. Left: Difference between O3 retrieval with zero a-priori profile and reference retrieval (RETA+AB MIPAS). Right: Difference
between retrieval with zero a-priori and reduced regularization strength and reference retrieval. Same meaning of plus signs as in Fig.1.

where R (cf. Eq. 1) is the regularization matrix,L is
Tikhonov’s first-derivative operator (Steck, 2002) andB is
a diagonal matrix containing the altitude-dependent regular-
ization strength. This constraint tends to drive the retrieval
towards the shape of the a-priori profile, if the measurement
contains only little information on the target variable.

Until ozone data version V3oO3 6 (V3o is ESA level 1
data versions 4.61–4.62, processed offline at DFD, O36 is
IMK ozone retrieval setup 6) climatological ozone profiles
were used as a-priori profiles. In order to avoid any inappro-
priate mapping of the a-priori profiles onto the result, from
data version V3oO3 7 on, all-zero a-priori profiles are used.
However, climatological ozone profiles are further applied as
first guess for the least-squares fit in order to save iterations.
The differences between retrievals using all-zero or climato-
logical a-priori profiles are below±0.2] ppmv (Fig.10) and
thus in the altitude region 20–45 km smaller than the total
precision (cf. Fig.2). Below 20 and above 50 km the devia-
tions are of the same order or larger than the total precision.

The regularization strength originally defined for IMK
ozone retrievals varied with altitude z approximately
∼1/VMR(z) where VMR is the volume mixing ratio of a cli-
matological profile, i.e. it was scaled such that real profile
features are best possibly detected while instabilities trig-
gered by measurement noise and other uncorrected mea-
surement errors are suppressed. The appropriateness of the
strength of the smoothing constraint was estimated from the
height resolution or degrees of freedom of the retrieved pro-
files (Rodgers, 2000; Steck, 2002).

In operational data processing, the regularization strength,
which was pre-calculated for a certain geolocation, is used
for evaluation of all measurements along the whole orbit.
This leads to a number of degrees of freedomdr , defined
as trace of the averaging kernelA (cf. Steck, 2002)

dr = tr(A), (5)

which is slightly varying with latitude because of change
in atmospheric conditions. The ideal number of degrees of
freedom attainable for a trace gas with significant signatures

at each tangent altitude equals the number of tangent alti-
tudes, which is 17 for a the standard MIPAS scan of high
spectral resolution. For the reference retrieval (cf. Fig.1)
they vary between 11.7 at Arctic and 13.8 at Antarctic lati-
tudes, which indicates that the constraint used until data ver-
sion V3oO3 6 is rather strong (Fig.10, right). This slight
over-regularization was neccessary, because in the first ver-
sion of level-1B datasets produced from MIPAS measure-
ments before 18 September, 2002, gain oscillations occured
between spectra from subsequent tangent heights. In spectra
produced after September 2002 and in all re-calibrated spec-
tra this problem was largely reduced, which justifies weaker
regularization.

For this purpose, we studied the effect of a constraint
weakened by 33% between 20 and 50 km and considerably
more in the altitude regions below 20 and above 50 km,
which resulted in 15–17 degrees of freedom for the refer-
ence orbit. This regularization might in some cases lead to
oscillations or unrealistic gradients in the upper stratosphere
in single profiles with little information content, but assures
best possible detection of ozone signatures in the upper tro-
posphere/lower stratosphere region and in the upper strato-
sphere. Combined use of a zero a-priori and the weaker con-
straint leads to differences to the standard retrieval, which are
generally below±0.3 ppmv in the altitude region 15–50 km
(Fig. 10, right). The nighttime deviations above 60 km of
up to 1 ppmv reflect a clearer detection of the tertiary night-
time ozone maximum. However, the absolute VMRs at these
high altitudes have to be handled with some care because of
possible NLTE-effects, which are not taken explicitely into
account in IMK ozone retrieval (cf. Sect. 2). In summary,
for the reasons given above, the newly defined regulariza-
tion will be applied to ozone retrievals starting from version
V3o O3 7.
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4 Data versions

Figure 11 (top) shows the end-to-end differences between
MIPAS ozone amounts obtained with the new baseline
(V3o O3 7) and with the reference baseline (V2O3 2). As
discussed in Sect. 3, these differences consist in continuum
representation, the applied cloud-threshold, the a-priori pro-
file used and in the regularization strength: In the reference
retrieval an individual continuum profile was fitted for each
microwindow. Further, a cloud-threshold of 1.8 and a cli-
matological ozone a-priori profile were used. According to
the new baseline, a common continuum profile is retrieved
for adjacent microwindows within a 5 cm−1 spectral range,
the cloud-threshold is increased to 4.0, the a-priori profile
used is an all-zero profile, and the regularization strength is
decreased by 33% in the region of the ozone maximum and
even stronger at lower and higher altitudes. Apart from the
height region 20–35 km at high southern latitudes, the de-
viations mainly result from the different constraints and are
mostly lower than±0.3 ppmv in the altitude range 15–50 km.
This is smaller than the total retrieval error between 25 and
45 km and of the order of the total precision at 35 km. At
higher and lower altitudes the total retrieval error is exceeded
in several places.

The results of a preliminary intercomparison between
ozone amounts measured by MIPAS (data version V2O3 2)
and HALOE during the period 30 October to 7 November
2003 are presented in Fig.11(bottom). The HALOE profiles
taken into account are from the level 2-version 19 database
of the British Atmospheric data Centre (BADC). They cover
the altitude region from the cloud top up to about 90 km with
a vertical resolution of∼2 km. The HALOE uncertainties
are between∼9% in the middle stratosphere and 20–25%
in the lower stratosphere and mesosphere. The maximum
differences allowed for the intercomparison of MIPAS and
HALOE profiles were±5◦ in latitude,±10◦ in longitude and
±12 h in time. More details about the methodology are given
in Wang et al. (2005). The main differences occur at southern
latitudes and consist of a negative band of up to−1 ppmv at
20 km and two positive bands of up to 1 ppmv between 26 an
34 km and around 40 km altitude. The differences at 20 km
altitude are at least partly compensated by the new retrieval
setup (Fig.11, top), whereas the positive differences around
30 km are reduced above, but enhanced below 30 km.

5 Conclusions

We have investigated the dependence of O3 retrievals from
MIPAS spectra on modification of several processing param-
eters to better understand possible error sources and to define
an updated processing baseline, which will be used for ozone
retrievals beginning from data version V3oO3 7. The result-
ing deviations from the reference retrieval (version V2O3 2)
were compared with the total retrieval error, which amounts
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Fig. 11. Top: Difference between MIPAS ozone retrievals along
orbit 8597 of 22 October 2003, using baselines V3oO3 7 (new)
and V2O3 2 (old), respectively. The differences consist in contin-
uum representation, in the applied cloud-threshold (4.0 or 1.8), the
a-priori profile used (all-zero or climatological), and in the regular-
ization strength. More details are given in Sect. 3. Same meaning of
plus signs as in Fig.1. Bottom: Differences (MIPAS-HALOE) be-
tween ozone amounts measured by MIPAS (data version V2O3 2)
and HALOE found in an intercomparison of the period 30 October
to 7 November 2003. MIPAS data used are from the dayside part of
the orbit only; because of the instrument’s measurement mode, no
HALOE data were available from north of 45◦ N.

up to 0.65 ppmv in polar regions and up to 1.2 ppmv in the
tropics, and with the random error, which amounts up to
0.2 ppmv.

It was found that the cloud clearing procedure applied
so far (cloud-index 1.8) does not exclude moderately cloud-
contaminated spectra. This can lead to additional retrieval er-
rors of the order of the cloud-free total error up to 3 km above
the cloud-layer. Therefore we decided to increase the cloud-
threshold to the value of 4.0. Further, model calculations
have shown, that assignment of the same background con-
tinuum radiance profile for adjacent microwindows within
spectral intervals of 5 cm−1 is sufficient to represent the con-
tinuum emisssion of aerosols, clouds and gases. Applied on
ozone retrievals, the deviations from the reference calcuala-
tion, where this simplification was not applied, were gen-
erally less than 0.2 ppmv. Thus, this approach, which also
saves computation time, will be used in the new processing
baseline. In addition, we investigated a possible bias between
retrieval results obtained with microwindows from MIPAS
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bands A (685–970 cm−1) and AB (1020–1170 cm−1), since
microwindows from both bands are used in IMK ozone re-
trieval. Such a difference of up to 1 ppmv between band AB
and band A results was indeed found. By inclusion of mod-
elling of non-LTE effects in the retrieval, the difference could
be reduced by about 30%. However it turned out, that the
main reason is obviously a spectroscopic bias between the
ozone lines used in these two bands, i.e. theν2 (band A) and
ν1/ν3 (band AB) lines. This was found by correlation analy-
sis as well as by use of another spectroscopic dataset. A bias
in radiance calibration of the level-1B spectra from bands A
and AB could largely be ruled out by correlation analysis and
by inspection of broadband spectra.

Further, the O3 profiles retrieved using an all zero a-priori
profile were only little different from the reference calcula-
tion with a climatological a-priori profile (deviations up to
±0.2 ppmv). Thus we will apply a zero a-priori profile to
future ozone retrievals to avoid any possible mapping of the
structure of the a-priori profiles onto the result. Moreover, a
reduced regularization strength, defined to improve the over-
all height resolution and especially the detectability of ozone
signatures in the lower and upper stratosphere, was success-
fully tested and will be applied in future. An end-to-end com-
parison between the new and old retrieval baseline resulted
in differences of up to±0.4 ppmv in the altitude region 20–
60 km. Further it was shown that the differences found in an
initial validation study are reduced by application of the new
baseline.
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