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Abstract

We report on the dependance of ozone volume mixing ratio profiles, retrieved from
spectra of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS),
on different retrieval setups such as different a-priori profiles, regularization strengths
and spectral regions used for analysis. MIPAS is a spaceborne limb-viewing Fourier
transform infrared (FTIR) emission spectrometer, by which vertical profiles of various
trace gases can be measured simultaneously. Purpose of this investigation is to check
and to optimize the current retrieval setup. The choice of different a-priori profiles, of a
different approach to retrieve the continuum radiation, and of a weaker regularization
than in the reference data version (V2_03_2) causes only small to moderate deviations
of up to £0.2, —0.3 and +0.5 ppmv, respectively, in the retrieved ozone volume mix-
ing ratios below 60 km altitude. Use of different microwindow sets optimized for polar,
mid-latitude and tropical conditions results in deviations of up to £1.5ppmv in the al-
titude region of the ozone maximum, exceeding the total estimated retrieval error of
0.65 ppmv (polar regions) — 1.2 ppmv (tropics) in this height region. Therefore, to avoid
latitudinal artefacts, one fixed set of microwindows is considered more appropriate for
retrieval of a whole orbit rather than a latitude-dependent microwindow selection. For
this task the microwindow set optimized for the polar atmosphere was found to be bet-
ter suitable than its midlatitude and tropical counterparts. The results from the different
microwindow sets, which variably cover MIPAS spectral bands A (685-970 cm‘1) and
AB (1020-1170 cm‘1), indicated a positive bias of up to 1 ppmv between the ozone
maxima retrieved from the ozone emission in MIPAS band AB only and from combined
analysis of MIPAS bands A and AB. Further investigations showed that this discrep-
ancy can be caused by a bias between the radiance calibration of level-1B spectra of
bands A and AB or by a bias between the spectroscopic data used in bands A and AB.
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1. Introduction

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) is a limb-
viewing Fourier transform infrared (FTIR) emission spectrometer with an unapodised
spectral resolution of 0.035 cm™ (Fischer and Oelhaf, 1996; European Space Agency
(ESA), 2000), which was launched onboard the Sun-synchronous polar-orbiting Eu-
ropean ENVIronmental SATellite (ENVISAT) on 1 March 2002. MIPAS covers a wide
mid-infrared spectral region, namely from 685 to 2410cm™', which enables simulta-
neous observation of various trace gases. The original standard observation mode,
which generally was performed until 26 March 2004, consisted of limb-scans in anti-
flight direction, composed of 17 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). Sev-
eral 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 fir Me-
teorologie und Klimaforschung (IMK), which was developed to produce self-consistent
datasets containing considerably more trace species than enclosed in the operational
dataset provided under ESA responsibility. At IMK, for retrieval of stratospheric ozone
profiles from spectra measured in the standard observation mode local thermodynamic
equilibrium (LTE) is assumed, which is valid for most species throughout the tropo-
sphere and stratosphere. For analysis of trace species in non-local thermodynamic
equilibrium (NLTE), which becomes important for MIPAS observations of the upper at-
mosphere, the processor capabilities were extended at the Instituto de Astrofisica de
Andalucia (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
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ideal case of synthetic measurements 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, unac-
counted physics such as NLTE emissions, or calibration uncertainties, map onto the
retrieved profiles. In this paper we assess the sensitivity of ozone retrievals to changes
of the a-priori profiles chosen, the treatment of background continuum emission, the
threshold for removal of cloud-contaminated spectra, the regularization strength, and
the microwindow selection. The goal of these investigations is the optimization of these
quantities. For this purpose, we also take into account a preliminary validation study
by Wang et al. (2005). A possible residual bias to independent experiments will be
quantified in a final validation study (Steck et al., 2005").

2. Retrieval of vertical ozone profiles
2.1. Description of the reference retrieval setup

In the retrievals performed at IMK, MIPAS level-1B spectra are inverted to vertical pro-
files of atmospheric state parameters by constrained non-linear least squares fitting of
modeled to measured spectra (e.g., Rodgers, 2000, and references therein) by min-
imising the expression

X=Wm=Y)'S) Vm—¥e) + (Xa = X)TR(x, - ). (1)

Here y,, and y. are the measured and modelled spectral radiances, S, is the co-
variance matrix of measurement noise, x, and x are the a-priori and retrieved profile
and R is the regularization 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, H,O, CH,, N,O, and HNO; are

1Steck, T., Blumenstock, T., von Clarmann, T., et al.: Validation of ozone measurements
from MIPAS-ENVISAT, in preparation, 2005.
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analyzed first. Beside each target species, microwindow-dependent continuum radia-
tion 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), Hopfner et al. (2004), Mengistu Tsidu et
al. (2004) and references therein. The retrieval grid used at IMK has an altitude spac-
ing of 1 km up to 44 km and of 2 km between 44 and 70 km, which is considerably finer
than the height distance of ~3km between the respective tangent altitudes. To avoid
consequential instabilities, Tikhonov’s first derivative operator is used as smoothing
constraint for the retrieval of profiles (Steck, 2002, and references therein).

For IMK ozone retrievals (data version V2_03_2, V2 is ESA level 1 data version 4.59,
03_2is IMK ozone retrieval setup 2), climatological profiles compiled by Remedios and
Parkes (2003, personal communication) were taken both as a-priori and as first-guess
profiles. This climatology is diversified into four seasons and six latitudinal bands (90° N
to 65° N, 65° N to 20° N, 20° N to 0° N and correspondingly in the southern hemisphere).
Except for the northern polar profile, which contains a kink at 30 km (this kink has been
smoothed in an updated version of IMK a-priori profiles), the structure of all profiles is
relatively smooth with single stratospheric maxima increasing from 5 to 10 ppmv from
polar regions to the tropics.

Instead of analysis of wide spectral bands, generally a set of confined spectral re-
gions, so-called microwindows (MWs), is used for retrieval of the volume mixing ratio
(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 optimized for polar winter, mid-latitude and
tropical atmospheric conditions via a quantitative mathematical method by minimizing
the estimated retrieval error (von Clarmann and Echle, 1998; Echle et al., 2000). Ta-
ble 1 shows the microwindow set or occupation matrix, used at IMK for ozone-retrieval,
which in the following is also called standard or reference occupation matrix. This mi-
crowindow set was calculated for polar conditions, since in first studies mainly polar
ozone distributions were investigated. It consists of 10 microwindows and, added up

12035

ACPD
5, 12031-12066, 2005

Retrieval of
stratospheric ozone
from MIPAS

N. Glatthor et al.

Title Page

Abstract | Introduction

Conclusions| References

Tables | Figures
| e
I

Back | Close |

Full Screen / Esc

Print Version |

Interactive Discussion |

EGU


http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/12031/acpd-5-12031_p.pdf
http://www.atmos-chem-phys.org/acpd/5/12031/comments.php
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

over all 17 tangent altitudes, contains 1429 spectral gridpoints. Six microwindows are
situated in MIPAS band A (685-970 cm‘1) in the wavenumber region 741-798 cm™
and 4 microwindows in band AB (1020-1170 cm‘1) in the region 1062—-1108 cm‘1,
each of them used in a specific altitude range. MIPAS band AB contains the most
energetic ozone v, and v; fundamental modes at 1103 and 1042 cm™', respectively.
Lines of these bands are commonly used for ozone retrieval in the middle atmosphere,
but often become saturated at lower altitudes. Here the weaker v, fundamental band
situated in band A can also be taken into account, but many of these lines are perturbed
by the 15 um bands of CO,. Since ozone retrieval at IMK is performed assuming lo-
cal thermodynamic equilibrium, all three occupation matrices are optimized such that
NLTE emissions are as far as possible excluded. Ozone retrieval of upper atmospheric
MIPAS scans (18—-100 km) under consideration of NLTE is described by Gil-Lopez et
al. (2005).

2.2. Results of the reference retrieval setup and error estimation

Figure 1 shows the ozone distribution obtained at IMK (data version V2_03_2) with the
polar OM for MIPAS orbit 8597 of 22 October 2003, which is used as reference in this
study. 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 subtropical O; VMR maximum of 12 ppmv is in the altitude
region 30—-35km, exhibiting no distinct variation between day and night. The Arctic
maximum of about 7 ppmv is situated around 38 km, whereas the Antarctic maximum of
about 8 ppmv is just below 30 km. The low Arctic o0zone amounts in the altitude region
24-32 km reflect the climatological 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 mixing ratios of up to 2 ppmv around 60° and -60°. This
is the tertiary ozone maximum just equatorward of the polar night terminator (Marsh et
al., 2001).
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Figure 2 shows the total estimated ozone retrieval error and the major error compo-
nents for a polar (left) and a tropical geolocation (right). This error estimation is based
on the actual retrieved temperatures, tangent heights, ozone mixing ratios, simulated
spectra and Jacobians of the final iteration (cf. Glatthor et al., 2004). The total error
exceeds 0.2 ppmv in the altitude region 20 to 50 km and reaches maximum values of
0.65 ppmv for the polar and of 1.2 ppmv for the tropical geolocation. In both cases the
maximum noise error is 0.2 ppmv. In relative units, the total error is around 10% and
the noise error is below 4% in the altitude region from 10 to 45 km at the polar geolo-
cation. At the tropical geolocation, the relative total error is between 5% and 10% in
the height region between 25 and 50 km, whereas the relative noise error is below 3%.
In both cases, the estimated uncertainty in spectroscopic data (line intesity and half-
width) is the dominant error source. Further important error sources are uncertainties
in the retrieved temperatures and tangent altitudes, in spectral gain calibration and in
the assumed instrumental line shape (ILS).

3. Sensitivity studies
3.1. Influence of the a-priori profile

Retrievals based on climatological a-priori profiles have the tendency to map the shape
of the a-priori to the results. To assess the influence of different a-priori profiles on the
ozone retrieval, two tests were performed: First, the O a-priori profile from northern
mid-latitudes (20° to 65°) was used for all other latitude bands as well. Secondly, a zero
a-priori profile was taken for all latitudes. In both cases the differences to the ozone
reference retrieval are below +£0.2 ppmv (Fig. 3), which in the altitude region 25—-45 km
is small in comparison to the total retrieval error (cf. Fig. 2). Below and above this
altitude range the differences are of the same order as the the retrieval error. Since
the use of a zero a-priori profile proved equivalent to a climatological profile, whereas
it has the advantage to avoid any influence of the shape of the a-priori profile, we will
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use it for future ozone retrievals. However, climatological ozone profiles will further be
applied as first guess in order to save iterations.

3.2. Influence of the treatment of background continuum emission

The basic IMK strategy is to retrieve the background continuum emission per altitude
and per microwindow simultaneously to the ozone abundancy. In this section we as-
sess the effect of assigning one single value of background continuum emission to
several spectrally adjacent microwindows of a certain tangent altitude. By this tech-
nique the number of retrieval variables and thus the computational burden can be con-
siderably reduced. As long as the continuum radiance is only weakly dependent on
wavenumber over the size of the related microwindow subset, this procedure should
not significantly influence the retrieval results. Here the effect of retrieving, per tangent
altitude, one continuum radiance to microwindows within a 5cm™ spectral range is
compared to the reference retrieval presented in Fig. 1, where an individual continuum
emission was assigned to every microwindow. Applied to the microwindow set pre-
sented in Table 1, this means that microwindows 1 and 2 as well as 3 and 4 each share
a common continuum profile.

In our test this approach generally causes differences of less than +0.2 ppmv in the
altitude region 15—40 km (Fig. 4). Somewhat larger deviations of up to —0.3 ppmv occur
in the Antarctic region at 32 km, where, different from all altitudes below, microwindows
1 and 2 as well as 3 and 4 are all included in the microwindow set (cf. Table 1). Thus the
different approaches of the continuum-fit have the largest effect here. The differences
are all smaller than the estimated retrieval error (cf. Fig. 2). Thus a common continuum
retrieval for adjacent microwindows does not significantly change the O retrieval result
and will be applied to save computation time.

12038

ACPD
5, 12031-12066, 2005

Retrieval of
stratospheric ozone
from MIPAS

N. Glatthor et al.

Title Page

Abstract | Introduction

Conclusions| References

Full Screen / Esc

Tables | Figures
| e
I

Back | Close |

Print Version |

Interactive Discussion |

EGU


http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/12031/acpd-5-12031_p.pdf
http://www.atmos-chem-phys.org/acpd/5/12031/comments.php
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

3.3. Influence of the cloud-index

The signal obtained by MIPAS from the lower atmosphere is often contaminated by
tropospheric or polar stratospheric clouds, by what errors in the retrieval of trace gas
amounts at these altitudes are triggered. Therefore spectra from tangent altitudes
below 30 km are checked by a cloud-detection algorithm, which calculates the ra-
tio between the measured radiances in the wavenumber ranges 788.2—796.25 and
832.3-834.4cm™'. This ratio, the so-called cloud-index, decreases with increasing
cloud-contamination (Spang et al., 2004). For ozone data versions V2_03_2 and lower,
spectra with cloud-indices below 1.8 were excluded from the measurement vector. The
same value is used in the operational data analysis under ESA responsibility. However
it turned out that this value was often not sufficient for exclusion of spectra contami-
nated by thin upper tropospheric or polar stratospheric clouds. Therefore we decided
to increase the threshold to 4, mainly to improve the retrieval of tropospheric source
gases, like N,O, CH, or CFCs. Figure 5 shows the difference in retrieved ozone using
the high and low cloud-index along with the lowermost tangent altitudes taken into ac-
count by application of the low (red curve) and the enhanced cloud-index (black curve).
It is evident that the influence on the retrieved stratospheric ozone amounts is very
small in most regions. Between 10° and —20° in the dayside tropics, where the number
of tangent altitudes additionally excluded because of the increased cloud threshold is
largest, there are stratospheric differences of up to —0.15ppmv. Therefore, and to be
consistent to source gas retrievals, the cloud index 4 will also be used for future ozone
retrievals.

3.4. Influence of the regularization strength

Since the retrieval grid used at IMK has a much finer height spacing than the vertical
tangent height distance (cf. Sect. 2.1), a constraint has to be applied for the retrieval of
trace gas profiles to avoid instabilities. The smoothing constraint chosen for trace gas
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retrievals at IMK is implemented as follows
R =BL'LB, @)

where R (cf. Eq. 1) is the regularization matrix, L is Tikhonov’s first-derivative operator
(Steck, 2002) and B is a diagonal matrix containing the regularization strength, varying
with altitude z approximately ~1/VMR(z). For each trace gas, VMR is the volume mixing
ratio of a climatological profile. 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. However, in case of adequate regularization, the retrieved trace gas
profiles are supposed to be virtually independend of the a-priori assumption in altitude
regions, where the measurement contains substantial information. This is the case for
ozone over the major part of the MIPAS limb scan. On the other hand, uncorrected
systematic errors like the gain-oscillations between spectra from subsequent tangent
heights, which occured in the first version of level-1B datasets produced from MIPAS
measurements before 18 September, 2002, required stronger regularization, which
may lead to over-regularization of retrievals when applied to later measurements of
higher quality. The appropriateness of the strength of the smoothing constraint can
be estimated from the height resolution or degrees of freedom of the retrieved profiles
(Rodgers, 2000; Steck, 2002).

The regularization strength, calculated for a certain geolocation, is used for evalua-
tion of all measurements along the whole orbit. This leads to a number of degrees of
freedom d,, defined as trace of the averaging kernel A (cf. Steck, 2002)

d, = tr(A), (3)

which is slightly varying with latitude because of change of the atmospheric conditions.
The ideal number of degrees of freedom attainable for a trace gas with significant
signatures at each tangent altitude of the standard MIPAS scan is approximately 17.
Figure 6 (top) shows the number of degrees of freedom resulting from the reference
retrieval (black curve). For better comparison of the different scans the degrees of

12040

ACPD
5, 12031-12066, 2005

Retrieval of
stratospheric ozone
from MIPAS

N. Glatthor et al.

Title Page

Abstract | Introduction

Conclusions| References

Tables | Figures
| e
I

Back | Close |

Full Screen / Esc

Print Version |

Interactive Discussion |

EGU


http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/12031/acpd-5-12031_p.pdf
http://www.atmos-chem-phys.org/acpd/5/12031/comments.php
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

freedom have been multiplied by the ratio of the number of tangents of the full MI-
PAS scan (17) and the number of tangents actually used after removal of corrupted
or cloud-contaminated spectra (cf. Sect. 3.3). The degrees of freedom for the refer-
ence case vary between 11.7 at Arctic and 13.8 at Antarctic latitudes, which indicates
that the chosen constraint (Fig. 6, middle), might be somewhat too strong. An over-
regularization is also expressed by the scan-averaged height resolution of 4.51 km for
the altitude region 15-50 km (Table 4, first row), which is coarser than the height dis-
tance of 3 km between the lowermost 13 tangent altitudes and the vertical field-of-view
of MIPAS of about 3km. As already mentioned above, this regularization was orig-
inally chosen to suppress oscillations in the retrieved profiles caused by systematic
calibration differences between level-1B spectra of subsequent tangent altitudes. The
calibration problem has been reduced in level-1B spectra produced after September
2002 and in all re-calibrated spectra, justifying the definition of a weaker regularization
in the context of this study. For this purpose, we decreased the regularization strength
by 33% between 20 and 50 km and considerably more in the altitude regions below 20
and above 50 km (Fig. 6, middle) to assure best possible detection of ozone signatures
in the upper troposphere/lower stratosphere region and in the upper stratosphere. This
regularization results in 15-17 degrees of freedom (Fig. 6, top) and sometimes leads to
oscillations or unrealistic gradients in the upper stratosphere in single profiles with little
information content, but assures that no information is smoothed out. Figure 6 (bot-
tom) shows, that in the altitude region 15-50 km the differences of the resulting ozone
distribution from the standard retrieval are generally below +£0.3 ppmv. The differences
below 15 km mainly occur at geolocations with no information content at this altitude
region because of exclusion of tangent altitudes (cf. Sect. 3.3). The nighttime devia-
tions above 60 km of up to 1 ppmv reflect a clearer detection of the tertiary nighttime
ozone maximum. However, the absolute VMRs at this high altitude 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. 2.1). In summary, for the reasons given above
the newly defined regularization will be applied to ozone retrievals version V30_03_7
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(V3o is ESA level 1 data versions 4.61-4.62, processed offline at DFD, O3_7 is IMK
ozone retrieval setup 7) and higher.

3.5. Retrieval with latitude dependent microwindow sets

The retrieval results may depend on the microwindow selection because of inconsis-
tencies of spectroscopic data for various spectral bands and different accurateness of
radiance calibration for different MIPAS bands due to a frequency dependent effect of
ice coverage or cloud signals. Thus, to avoid artefacts in the latitudinal ozone distri-
bution, which could result from switching from one microwindow set to another, MIPAS
scans of all latitudinal bands have been analyzed with a polar microwindow set in the
retrievals performed so far at IMK. This set had proven suitable for analysis of the
Antarctic major warming of September 2002 (Glatthor et al., 2005). In this section we
investigate the influence of microwindows optimized for polar, midlatitude and tropical
conditions on the ozone retrieval results.

The microwindow set optimized for polar conditions has already been described in
Sect. 2.1. Its counterpart for mid-latitudes (Table 2) consists of 5 microwindows each
in MIPAS band A as well as in band AB and of 692 spectral gridpoints. In contrast
to the polar and mid-latitude microwindows, the occupation matrix optimized for tropi-
cal conditions has only 1 microwindow in band A, but 9 in band AB, and exhibits 764
gridpoints (Table 3). Whereas the other two OMs are rather compact, i.e. each mi-
crowindow is generally used at many tangent altitudes, most of the microwindows of
the tropical OM are excluded in the middle stratosphere. The reason is the very cold
tropical tropopause, by what the noise error in this region is significantly larger than
in the other latitude bands. This causes a microwindow selection more focused to the
tropopause region between 15 and 18 km. Most of the microwindows chosen for this
altitude are obviously considered not suitable to further reduce the estimated retrieval
error between 24 and 39 km, mainly achieved with the first and ninth microwindow, and
thus not used there.

Figure 7 (top) shows the differences between retrieval with latitude-dependent oc-
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cupation matrices and the reference retrieval (data version V2_03_2) with the polar
occupation matrix (cf. Fig. 1). In the latitude dependent case the polar microwindow
selection was used for limb-scans at geolocations north of 60°, the mid-latitude oc-
cupation matrix for the latitude band 25°-60°, and the tropical occupation matrix for
geographical latitudes 0°—25° (analogously for the southern hemisphere). Thus, dif-
ferences can by definition only occur at mid-latitudes and in the tropics. The resulting
stratospheric deviations are up to —1.5 ppmv at midlatitudes in the altitude region 28—
34 km and up to 1.5 ppmv between 28 and 42 km in the tropics. The large deviations at
mid-latitudes are mainly restricted to 55°-35° (dayside), whereas those in the tropics
extend over larger areas and occur both during day (20° to —25°) and night (-25° to
10°). These deviations in the altitude region of the ozone maximum are of the order of
the total retrieval error (cf. Fig. 2) and are caused by different sensitivity of different mi-
crowindows to certain error sources. Further there are areas below 20 km and above
45 km with differences exceeding the estimated retrieval error for these altitudes (for
the lower atmosphere not clearly visible on this colour scale).

To identify the reason of the differences, the quality of the fits was checked by in-
spection of the ,1/,? values of the different limb-scans, with ,y,f:,yz/d, (cf. Egs. 1 and 3).
)(,f defined in such a way is equal unity for an ideal retrieval with measurement noise
as the only uncertainty, but becomes larger for realistic retrievals with additional error
sources. In the middle panel of Fig. 7 the ,1/,3 values of the reference calculation and of
the retrievals with latitude-dependent occupation matrices are plotted against geoloca-
tion. The ,1/,? values resulting from retrieval with the polar OM (black curve) are below
2 at Arctic geolocations, which indicates good fit quality. Except for one outlier near
-65° (nightside), they are around 2 in the Antarctic, also suggesting reasonable fits. At
mid-latitudes both the polar and the midlatitude OM lead to similar ,1',3 values generally
lower than 2. The ,y,f values resulting from retrieval with both the polar and the tropi-
cal OM (blue curve) indicate problems in the dayside tropics. However the )(,3 values
associated to the tropical OM are considerably higher than those corresponding to the
polar OM and extend up to more than 4, indicating worse fit results. After this scan-
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averaged inspection, the fit quality was checked for each microwindow and tangent
altitude individually at geolocations with high ,y,f-values or with larger VMR differences.
Microwindows with )(,f-values larger than 4 were considered not suitable and removed
at the respective altitudes. Using this criterion, only microwindows 1 and 2 had to be
removed at 12km and 27-33 km, respectively, from the midlatitude OM, by what the
midlatitude deviations could not be decreased. In contrast, seven microwindows were
removed from the tropical OM in the altitude region around 15 km, which except for one
geolocation resulted in considerably improved scan-averaged ,1/5 values in the dayside
tropics (Fig. 7, middle, green curve). However the tropical VMR-deviations in the prob-
lematic region between 28 and 42 km were not reduced. Removal of microwindows at
tangent altitudes, where they exhibited x,z,-values larger than 4, from the reference OM
(not shown here) also caused no reduction of these differences. Thus, as performed in
IMK standard retrievals, one fixed occupation matrix should be applied for evaluation
of a whole orbit rather than different OMs to avoid latitude-band dependent artefacts.
We then investigated which of the latitude-dependent occupation matrices presented
above leads to the best representation of the “true” ozone distribution. A validation
study performed by Wang et al. (2005) came to the result that in the height regions
20-30km and 33-45km the MIPAS ozone VMRs are generally higher by up to 0.3
and 0.4 ppmv, respectively, than measurements of the HALogen Occultation Exper-
iment (HALOE) on the Upper Atmospheric Research Satellite (UARS), whereas they
are slightly lower (up to —0.2 ppmv) between 30 and 33 km. In the same study, a similar
difference was found between ozone VMRs of MIPAS and the Sub-Millimeter Radiome-
ter (SMR) on the Swedish polar-orbiting ODIN satellite (Murtagh et al., 2002). Since
application of the tropical OM would amplify the differences above 33 km, we consider
this OM less suitable than the standard OM. An additional argument against the tropi-
cal OM is its approximately 300 m worse orbit- and altitude-averaged height resolution
(Table 4, OM no. 4). Further, the typical total estimated error at a tropical geolocation
is 1.1 ppmv for the standard retrieval, but 1.4 ppmv for retrieval with the tropical OM
for the height region of the O3 VMR-maximum (not shown here). The larger error is
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mainly due to increased uncertainties in spectroscopic data, in gain calibration and in
temperature. Since the midlatitude OM results in lower ozone mainly around 32 km,
it would lead to worse agreement between MIPAS and the other two satellite experi-
ments in this altitude region. Further, Fig. 7 (bottom) shows that the number of degrees
of freedom decreases by up to 2 by use of the mid-latitude OM in comparison to the
polar OM. Accordingly, the averaged height resolution resulting from the mid-latitude
OM (Table 4, OM no. 3) is worse by 350 m and 1270 m for the altitude ranges 15-50 km
and 668 km, respectively. For these reasons we consider the polar occupation matrix
as best suitable of the latitude dependent OMs for retrieval of a whole orbit.

3.6. Retrieval with microwindows from different MIPAS spectral bands

The tropical OM, which leads to larger ozone maxima, in this altitude region contains
nearly twice as many microwindows from MIPAS spectral band AB (1020-1170 cm'1)
than from band A (685-970 cm_1), whereas it is the other way round for the polar refer-
ence OM (cf. Tables 1 and 3). To check for a systematic bias between these two bands,
orbit 8597 was analyzed with new occupation matrices restricted to band A and AB, re-
spectively (Table 4, OMs no. 5 and 6). Like the reference occupation matrix, both OMs
were optimized for polar conditions and consisted of 10 microwindows. In Sects. 3.6.1
and 3.6.2 we compare the results of retrievals using these occupation matrices with
the standard retrieval, and in Sect. 3.6.3 we present the differences between retrievals
with the band-restricted occupation matrices themselves.

3.6.1. Retrieval with microwindows restricted to MIPAS band A versus reference

In the altitude region from 20 to 45 km, the strongest deviations between retrieval with
microwindows restricted to MIPAS band A and the standard retrieval occur at dayside
mid-latitudes and in the tropics, extending up to —1 ppmv (Fig. 8, top), which is of the
order of the total retrieval error. The largest deviations above 60 km are in the high-
latitude regions and exceed the total error. The scan-averaged ,y,f-curve of the polar
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OM restricted to band A (Fig. 8, bottom) exhibits several peaks with rather high values
of up to 21 (red curve), which turned out to result mainly from bad fits of spectra from
the lowermost tangent altitudes in two microwindows. The reason for the very poor fit in
these microwindows is poor modelling of the actual H,O signature by the climatological
H,O profile. Removal of these microwindows from the lowermost tangent altitudes
lead to strongly reduced ,y,?-values (blue curve), but as expected did hardly change the
stratospheric differences to the reference retrieval. In summary, the polar occupation
matrix restricted to MIPAS band A over wide areas results in systematically lower ozone
maxima than the reference OM, which contains microwindows from MIPAS bands A
and AB.

3.6.2. Retrieval with microwindows restricted to MIPAS band AB versus reference

The differences between retrieval with the occupation matrix restricted to band AB and
the reference retrieval (Fig. 9, top) extended up to +1.5ppmv or even more mainly in
the polar and mid-latitude stratosphere, which exceeded the total retrieval error. The
corresponding scan-averaged X,?-curve exhibited several maxima of up to more than 5,
indicating considerably worse fits than the ,ys-values from the standard retrieval (Fig. 9,
middle, red and black curve). These problems resulted from poor fits nearly over the
whole limb-scan in the microwindow at 1040.225-1040.65cm™"' of the OM restricted
to band AB. After this microwindow was removed below 53 km, the scan-averaged 1,2,
is considerably improved (Fig. 9, middle). Further, differences to the reference retrieval
are strongly reduced in the altitude region 20-50 km (Fig. 9, bottom), whereas the orbit-
and scan-averaged height resolution and estimated standard deviation presented in Ta-
ble 4 (OMs no. 6 and 7) are hardly changed. Thus, in this case the fit-quality and the
agreement with the reference retrieval was strongly improved by removal of an inap-
propriate microwindow without considerably decreased performance of the modified
OM.
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3.6.3. Bias between ozone retrievals in MIPAS bands A and AB

Figure 10 shows the differences between retrieval with the modified polar occupation
matrix restricted to band AB (microwindow at 1040.225—-1040.65 cm™' removed be-
low 53km) and retrieval with the polar OM confined to band A. Especially at dayside
mid-latitudes and in the tropics there are wide areas with positive differences of about
1 ppmv in the altitude region 28 to 42 km, indicating a positive bias between ozone
amounts retrieved using microwindows from MIPAS band AB or A, respectively. As
already outlined, the y,-values resulting from retrieval with the modified occupation
matrices from band A (Fig. 8, bottom) as well as from band AB (Fig. 9, middle) are
rather low and thus give no indication that the differences are caused by poor fits.
Another reason for the discrepancy could be different strengths of NLTE-effects, which
are not included in IMK radiative transfer calculations, in these two MIPAS bands. How-
ever, these effects are generally small in the stratosphere, and IMK microwindows are
selected such that NLTE regions are avoided. As a check, NLTE-retrievals were per-
formed at IAA with the same microwindows from bands A and AB. They resulted in
nearly the same positive bias as the LTE calculations, and thus neglection of NLTE-
effects can be ruled out as reason for the differences.

Two further possible reasons for the discrepancy are a bias in radiance calibration
between level-1B spectra from MIPAS bands A and AB or a spectroscopic bias between
the major ozone bands used for retrieval in these bands, namely ozone band v, (MIPAS
band A) or ozone bands v; and v (MIPAS band AB). To check these assumptions, an-
other retrieval was performed using ozone lines of the v4 band located in MIPAS band
A between 960 and 970cm™". These lines are not contained in the above applied
microwindow set from band A (Sect. 3.6.1), which exhibits ozone lines between 730
and 798 cm'1, with the most prominent signatures resulting from the v, band. Thus,
agreement of the retrieval result using the v; lines between 960 and 970 cm™" with the
result from the OM from band A would indicate a calibration problem, whereas agree-
ment with the result from the OM from band AB would indicate a spectroscopic bias.
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This test indicated that the reason for the differences can be a calibration problem as
well as a spectroscopic bias, since the resulting ozone amounts did neither completely
correspond with those obtained with the first microwindow set from band A nor with
those resulting from the microwindows from MIPAS band AB.

4. Conclusions

We have investigated the dependance of O retrieval results from MIPAS spectra on
modification of various processing parameters to check the applied processing base-
line (version V2_03_2) and to define an updated baseline, which will be used for ozone
retrievals beginning from data version V30_03_7. It turned out that the retrieved ozone
amounts were not strongly influenced by change of most of the processing parame-
ters. The resulting deviations from the reference were generally smaller than the total
retrieval error, which amounted to 0.65 ppmv in the region of the polar and to 1.2 ppmv
in the region of the tropical ozone maximum. However, change of the microwindow
selection lead to deviations as large as the total retrieval error in the altitude region of
the ozone maximum. The main features of the new baseline are as follows:

The retrieved O3 profiles were only little dependent on the shape of the O3 a-priori
profiles, including an all zero a-priori profile. Thus we will apply the latter profile to
future ozone retrievals to avoid any possible mapping of the structure of the a-priori
profiles onto the result. Assuming the same background continuum radiance profile
for adjacent microwindows within spectral intervals of 5cm™" lead to deviations of
up to £0.3ppmv from the reference calcualation (version V2_03_2), where this sim-
plification was not applied. Thus, this approach, which saves computation time, will
be used. Moreover, a reduced regularization strength, defined to improve the overall
height resolution and especially the detectability of ozone signatures in the lower and
upper stratosphere, was successfully tested and will be applied in future. In the altitude
region 27—40 km, retrieval with microwindow sets optimized for mid-latitude and tropical
conditions lead to deviations from the reference (microwindows for polar conditions) of
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up to —1.5ppmv in a confined area of the dayside mid-latitudes and of up to 1.5 ppmv
over larger areas of the day- and nightside tropics. Thus, to avoid latitude-dependent
artefacts, a fixed microwindow set should be chosen for retrieval of measurements from
a whole orbit. On the basis of an initial validation study (Wang et al., 2005) and from
comparison of height resolution and retrieval error the polar microwindows used so far
turned out to be best suitable and will furthermore be used.

In addition, we investigated a possible bias between retrieval results obtained with
microwindows from MIPAS bands A and AB. Compared to the standard analysis, re-
trieval with a polar occupation matrix restricted to band A lead to negative deviations in
the 20—45 km altitude region, extending up to —1 ppmv at dayside mid-latitudes and in
the tropics. Even larger and more widespread deviations of up to +1.5 ppmv from the
reference, obtained with a polar occupation matrix restricted to band AB, could be con-
siderably minimised after removal of a microwindow with especially bad performance
from this occupation matrix. However, after this modification the ozone amounts result-
ing from retrieval in band AB were still up to 1 ppmv higher than those resulting from
band A in the altitude region 28—42 km. Further investigations showed, that the reason
for this discrepancy can either be a bias in radiance calibration between level-1B spec-
tra of bands A and AB or a spectroscopic bias between ozone bands used for retrieval
in bands A (v, band) and AB (v5 and v, bands).
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Table 1. Microwindow set optimized for a polar atmosphere, used for standard ozone retrieval.
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 vertic

ally in the first two rows.
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Table 2. Microwindow set optimized for a midlatitude atmosphere. For more details see Table 1.
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Table 3. Microwindow set optimized for a tropical atmosphere. For more details see Table 1.
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Table 4. Characteristics and performance of different occupation matrices (OM) tested. The
second and third column indicate the atmosphere and MIPAS bands used for microwindow

selection. Band A covers the 685-970cm™' and band AB the 1020-1170cm”

spectral re-

gion. “No. of gridpts” is the total number of gridpoints of the microwindow sets and “Regul str”
the applied regularization strength, whereupon “std” denotes application of the regularization
strength of the reference and “new” of the newly defined retrieval setup. “Reso” and “ESD” are
resulting orbit- and altitude-averaged height resolution and estimated standard deviation for the

indicated altitude ranges.

OM Optimized MIPAS No. of Regul Reso ESD Reso ESD
for atm band gridpts str 15-50km 15-50km 6-68km 6-68 km
1 polar A+AB 1429  std 4.51 0.12 6.25 0.09
2 polar A+AB 1429 new 4.30 0.15 6.05 0.12
3 midlat A+AB 692  std 4.86 0.14 7.52 0.11
4 trop A+AB 764 std 4.78 0.13 6.51 0.10
5 polar A 1630  std 4.53 0.12 7.26 0.11
6 polar AB 1220  std 4.84 0.13 6.74 0.10
7 polar AB <1220 std 4.91 0.14 6.68 0.11
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Altitude [km]

Latitude [deg]

Fig. 1. Ozone distribution, derived from MIPAS limb-scans along orbit 8597 of 22 October 20083,
16:15-17:53 UT, plotted versus geographic latitude and altitude; result of standard retrieval with
microwindows optimized for polar conditions; 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 are retrieved volume mixing ratios below 0 ppmv (due to oscillations).
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Fig. 2. O4 retrieval error of standard retrieval for a polar (left) and a tropical (right) geolocation
of the dayside part of orbit 8597. Solid curve: total error, dashed curve: total parameter error,
dotted curve: random error, symbols (cf. legend, top to bottom): error caused by uncertainty
in the N,Ogz amount, in temperature, in spectroscopic data, in the instrumental line-of-sight, in
spectral shift, in gain calibration, and in the instrumental line shape.
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Fig. 3. Top: Difference between Oj retrieval with latitude-independent and retrieval with
latitude-dependent a-priori profiles (standard retrieval). The latitude-independent profile is iden-
tical to the northern mid-latitude profile. Bottom: Difference between Oj retrieval with zero a-
priori profile and standard retrieval. White, black and red plus signs indicate polar, midlatitude EGU
and tropical geolocations, respectively. 12059
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Fig. 4. Difference between retrieval with assignment of a common continuum background
emission profile to adjacent microwindows within a 5cm™ spectral range and retrieval with
individual continuum profiles for every microwindow. Same meaning of plus signs as in Fig. 3.
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Fig. 5. Difference between retrieval with cloud-threshold 4.0 and 1.8. The red and black curves
show the lowermost tangent heights taken into account for retrieval after application of cloud-
threshold 1.8 and 4.0, respectively. Same meaning of plus signs as in Fig. 1.
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Fig. 6. Top: Normalized number
of degrees of freedom resulting
from reference retrieval (black
curve) and from retrieval with
reduced regularization strength
(red curve). Middle:  Alti-
tude dependance of regulariza-
tion strength of reference re-
trieval (black curve) and of newly
defined regularization strength
(red curve). Bottom: Difference
between retrieval with reduced
regularization strength and ref-
erence retrieval. Same meaning
of plus signs as in Fig. 1.
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Fig. 7. Top: Deviations be-
tween retrieval with different oc-
cupation matrices (OMs) for po-
lar, midlatitude and tropical lat-
itudes and with the latitude-
independent (polar) OM. Same
meaning of plus signs as in
Fig. 3. Middle: 4*/d, (d, =
number of degrees of freedom)
for polar OM (black curve), mid-
latitude OM (red curves), tropi-
cal OM (blue curves), and tropi-
cal OM with microwindows with
,1/2/d,>4 removed from tropical
OM (green curves). Bottom:
Normalized number of degrees
of freedom for the different OMs.
Same meaning of colours as in
(middle).
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Fig. 8. Top: Difference between retrieval with polar occupation matrix restricted to MIPAS band
A and reference polar OM (bands A and AB). Same meaning of plus signs as in Fig. 1. Bottom:
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Fig. 9. Top: Difference between
retrieval with polar occupation
matrix restricted to MIPAS band
AB and reference polar OM
(bands A and AB). Same mean-
ing of plus signs as in Fig. 1.
Middle: xz/d, for reference polar
OM, polar OM restricted to band
AB, and polar OM restricted to
band AB after removal of MW
1040.225-1040.65cm™"  below
53 km. Bottom: Difference
between retrieval with modified
(MW  1040.225-1040.65cm™"
removed below 53km) polar
occupation matrix restricted to
band AB and reference polar
OM.
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Fig. 10. Difference between retrieval with modified polar occupation matrix restricted to MIPAS
band AB (MW 1040.225-1040.65 cm™' removed below 53 km) and with with polar occupation
matrix confined to band A. Same meaning of plus signs as in Fig. 1.
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